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ABSTRACT
In chapter One, zero angle depolarized light scattering methods for particle 
size determinations are demonstrated by a study on aqueous colloidal suspensions of 
titanium dioxide. Previous results on a poly(tetrafluoroethylene) latex suspension 
are also briefly recounted and updated to include reanalysis by an additional 
independent Laplace inversion method, Provencher's CONTIN. Size distributions 
may be obtained by Laplace inversion of the correlation functions, with excellent 
agreement among the various Laplace inversion algorithms. Resolution is greatly 
enhanced, since rotational motions, which are more sensitive to size than 
translational motions, are detected at zero angle.
In Chapter Two, combined static and quasielastic light scattering results are 
reported on concentrated solutions of poly-7-benzyl-o,L—glutamate in 
N,N-dimethylforamide. The recent theories by Shimada, Doi and Okano compare 
most favorably in a qualitative sense to the experimental data presented herein.
The most important points of agreement are: 1) the behavior of the static structure 
factor is qualitatively described in terms of the number concentration, v, divided by 
the critical concentration, v* (where iA is a function of the second virial coefficient); 
2) the effect of the nematic interaction begins to dominate the static structure factor 
resulting in an increase in the apparent correlation length; 3) the behavior of the 
dynamic structure factor is qualitatively described in terms of vjv* and 
orientational terms; 4) the translational diffusion measured by quasielastic light 
scattering increases with concentration; 5) bimodal decays are observed at the 
largest concentrations with the slow mode becoming slower and the fast mode 
becoming faster. After accounting for thermodynamic repulsion, the translational 
diffusion decreases with increasing concentration to values lower than predicted by 
Doi and Edwards. When the translational diffusion data in the absence of
xiii
thermodynamic effects are plotted as a function of vju*, the data all collapse to a 
single master curve.
CHAPTER ONE 
PARTICLE SIZE DISTRIBUTION BY 
ZERO ANGLE DEPOLARIZED LIGHT SCATTERING
1
2BACKGROUND 
Introduction to the Zero Angle Method
The research in this chapter is a natural extension of a collaborative 
effort on two publications. The first paper, "Zero Angle Depolarized Light 
Scattering of a Colloidal Polymer" [1], details a novel method for obtaining 
high resolution particle size distributions on colloidal suspensions. The 
second paper, "A New Look At Distribution Analysis of Dynamic Light 
Scattering Data Using Only a Microcomputer" [2], describes an approach to 
a problem previously confined to the realm of mainframes and 
minicomputers— namely, rapidly and reliably performing Laplace inversion of 
quasielastic light scattering (QLS) data.
In this chapter, zero angle depolarized dynamic light scattering 
(ZADS) methods for particle size determinations are demonstrated by a 
study on aqueous colloidal suspensions of titanium dioxide. Previous results 
on a poly(tetrafluoroethylene) latex suspension [1] are also briefly recounted, 
and updated to include reanalysis by an additional independent Laplace 
inversion method, Provencher's CONTIN [3]. Both of these colloidal 
suspensions depolarize light strongly, enabling homodyne correlation functions 
with signal-to-noise ratios comparable to typical finite angle quasielastic 
light scattering measurements to be obtained. Size distributions may be 
obtained by Laplace inversion of the correlation functions, with excellent 
agreement among the various Laplace inversion algorithms. Resolution is 
greatly improved compared to conventional QLS measurements, since 
rotational motions, which are more sensitive to size than translational
3motions, are detected at zero angle.
To assist in the development of the development of the ZADS 
method, background material is extracted from the aforementioned 
publications [1,2]. First, QLS and its specialized variant, ZADS will be 
described. A complete discussion can be found in reference [1]. Next, a 
through review of the Laplace inversion analyses used in this research and 
their applications will be provided. This description is the supplemental 
material for reference [2]. Finally, the light scattering spectrometer and its 
associated hardware will be described.
Conventional QLS
A conventional QLS experiment is usually conducted in what is 
known as the Uy geometry. The notation implies that "a vertically 
polarized laser is focused into a polymer solution, and the light scattered 
through an angle 8 lying in the horizontal plane is detected by a phototube, 
without regard to the polarization sense of the scattered light [1]." Thus, 
Uy means unpolarized detection (U) and vertically polarized incident light 
(v). In a QLS experiment, regardless of the geometry used, the interest 
lies in intensity fluctuations. "The intensity fluctuations reflect alternating 
constructive and destructive interferences as the molecules in the detected 
volume undergo diffusive motion, thus changing their distance to the 
detector. On a very long time scale, these fluctuations appear random. 
However, they are not totally random; if two intensities separated by a very 
short time interval are measured, they will be found to be similar— i.e., 
correlated. Thus, the intensity fluctuations have a finite lifetime, inversely
4related to the polymer diffusion coefficient [1]." The time autocorrelation 
function, G ^ ( r ) ,  is a second order correlation function (because it deals 
with intensities and not electric fields) and is introduced in order to 
characterize the intensity fluctuations:
1 T
G ^ ( r )  =  l im  — [ I(t)I(t+r)dt. (1)
T-*» J 
-T
When r  approaches zero, G ^ ( r )  represents the average of the squared
O
intensity, < I >; however, as r  becomes very large, I(t) no longer has any
o
relation to I(t+r), so the above integral yields < I > , which is less than
ft
< I >. Thus, correlation functions decay with r  [1].
The second order correlation function may be written in terms of the 
quantity of interest, the first order normalized electric field autocorrelation 
function, g ^ ( r ) :
G<2V ) =  B(1 + f| g(1)(r)|2) (2),
where "B is a baseline, and f is an instrumental coherence factor ranging 
from 0 to 1, which essentially gives the maximum ratio of useful signal to
baseline [I].'1 For a monodisperse sample, g ^ ( r )  =  e- ** ^ T, where D is
the mutual diffusion coefficient and q is the magnitude of the scattering
vector equal to (4?m/A )sin(0/2), with n the refractive index of solution and0
X the wavelength of the incident light tn vacuo [1]. A particle size may 0
be obtained from D by extrapolating to zero concentration (indicated by
5superscript zero) i.e.,
kT
D =  ------------------------- (3).
« » l 0 a li
Equation 3 is the Stokes-Einstein relation where is the hydrodynamic 
radius, ijQ is the solvent viscosity and kT is the thermal energy [1].
For a polydisperse system, g ^ ( r )  consists of a weighted sum of 
discrete exponentials but can be closely approximated by a continuous 
distribution:
g(1)(r) = 1 A(r)e-rTdr (4).
0
o
Where the decay rate, T, is q D and A(r) is the scattering amplitude 
function. Equation 4 will be discussed in greater detail later in this 
chapter.
Zero Angle Depolarized Light Scattering
Scattered light is emitted from an induced dipole, p, "established in 
the particle (polymer) by the incident electric field vector, E, of the 
incident light [1]." A particle is considered to be optically isotropic, 
regardless of its geometric shape so long as p  is always parallel to E [1].
In other words, "optically isotropic means that the dipole moment induced 
by the incident electric field is given by a scalar polarizability, or. p = d& 
[1]." A particle is said to be optically anisotropic if a tensorial treatment
6is required for or. p  =  aE [1]. "When an optically anisotropic sample is 
placed between crossed polars, there will be a small amount of depolarized 
light, as the tensor has the effect of producing an induced dipole which 
may have an instantaneous component parallel to the analyzer [1]." The 
intensity of the depolarized scattering will fluctuate because the particle 
rotates thereby varying a in the laboratory frame of reference [1]. This is 
expressed by the Hv geometry where H indicates the detection of horizontal 
component of scattered light and v the vertically polarized incident light [1]. 
Therefore, in a depolarized experiment, rotational motion can be detected.
Because the polarizability of the particle changes as it undergoes 
rotation in the laboratory frame of reference, one must consider how these 
changes are related to the rotational modes of the particle. To illustrate 
the principles, the most simple case of a symmetric top will be considered 
[1]. For the purposes here, a true symmetric top may be defined as a 
particle whose geometrical and optical symmetries share the same cylindrical 
character [1]. For such a particle, "the signal strength is proportional to 
N/32 where 0 = cty -  is the difference between polarizabilities along the 
principle axes of the particle, and N is the number of particles detected 
[1]." The Hy electric fidd correlation function is [4]:
gW(r ) =  L - + Vr  (5)i
where "E is the rotational diffusion constant for tumbling (end-over-end) 
motion about one of the shorter axes of the symmetric top [1]." Spinning 
motions about the cylindrical axis are invisible [1,4], Equation 5 is for 
small anisotropic scatterers, and the situation for larger anisotropic partides
7is more complex, especially at large angles [1,5}.
At zero angle, translational motion does not contribute to the decay 
of the correlation function so that the rotational diffusion coefficient can be 
obtained from just one measurement. In the zero angle Hv experiment, the 
normalized electric fidd correlation function for a polydisperse system is 
equation 4, where the A(r) are proportional to N/^ (for true symmetric 
tops) and r  =  65 [1]. S depends on the dimensions of the particle and /? 
depends upon both the particle’s dimensions and its optical properties [1].
For spheres of radius R, the rotational diffusion coefficient is given by:
kT
S =  -----------------—  (6).
8 lr ’»oRh
Laolace Inversion Analyses
Particle size distributions from ZADS or conventional QLS is only as 
good as the Laplace inversion of the light scattering data. The following 
methods developed in this laboratory assist the user interested in Laplace 
inversion of data in obtaining reliable distributions as quickly as possible.
Ideally, Laplace inversion of equation 4 returns the continuous 
function A(r). Although the true decay rate distribution may be essentially 
continuous, just a few discrete exponentials will invariably fit the data to 
within experimental precision. Program MARLIN is an example of a 
discrete fitting routine. MARLIN simply varies a small set of amplitudes 
and decay rates to minimize the unreduced x 2 [6]:
In this expression, the correlation function has been measured at N points 
having different delay times, tv : 1 < v < N. The number of 
exponentially decaying functions is M; for MARLIN 1 < M < 5. The
weighting factor, =  crj*, where av  is the uncertainty of the measured 
N-point function j v, computed by standard error propagation [6], assuming 
that the uncertainty in the raw signal is [G ^fr^)]* /2 The fitted function 
y can represent the correlation function G ^ - B ,  or (G ^ -B )* /2 ~
g(*)(r). B can be one of several baselines. The theoretical baseline, Bt, is
obtained from the intensity and run duration [7]. A fitted baseline wi l l  
be indicated by Bf.  The baseline uncertainty is Og =  (Bt)1/ 2. The 
quantity (Bf — Bt)/ffg is called "liftoff11 and typically lies between -1  and 
+5, corresponding to baseline disagreements of less than 0.1% for most data. 
Before printout, x3 *8 fir8t reduced by the degrees of freedom [6]— i.e., 
approximately N.
While five or fewer exponentials will fit the data within noise,
a-priori information is often available to suggest that the distribution is not
actually discrete. For example, rarely does one have reason to believe a 
synthetic polymer consists of, say, just two species. Laplace inversion 
algorithms such as EXSAMP [8,9 & references therein] and CONTIN [3] try 
to arrive at quasi-continuous decay rate distributions. These programs are 
careful and rational approaches to "overfitting" the data which return a 
more realistic distribution with stability and reproducibility, either 
corroborating the discrete fit or showing a reasonable alternative.
9Unfortunately, the number of extra parameters required for realism generally 
exceeds the degrees of freedom which can be tolerated, given the noise level 
of the data, so there is no unique solution. Thus, Laplace inversion is an 
"ill—posed" problem [10]. For example, when a large number of 
exponentially decaying functions are used to quasi-continuously represent the 
distribution, simply minimizing x* often results in meaningless distributions 
because the information required to reconstruct the distribution at such 
detail is buried in the noise. The solutions may even contain some 
negative A (r), which is physically impossible. The first step in avoiding 
such problems is to restrict the detail sought about the distribution. One 
must settle for a subset, A{r} of the continuous distribution A(r).
Moreover, dements of {r} must be chosen judiciously; they cannot be too 
close, and are usually evenly separated in logarithmic space [9 & references 
therein]. In unsmoothed exponential sampling, a suitable set {r} is set up 
and the amplitudes A{F} are found by a rapid linear fit. Next {r} is 
shifted slightly, and the fit repeated. Negative amplitudes may be discarded 
by one of several methods. In smoothed algorithms like EXSAMP and 
CONTIN, an additional prindple is invoked: parsimony, which states that
the distribution must be rdativdy smooth. Smoothing, or "regularization", 
is achieved by minimizing a modified x a which includes an extra term:
x’aod = X’ +  F(A{r}) (8).
where
10
N M -k  9
F (A { r»  =  e E E [AjexpC-r.r ) -  Ai+kexp(-I\ kr  )] .
v=l i =1
The regularizer, F(A{r}), increases as the solution becomes more detailed; 
"bumpy" solutions are penalized. The "order" of smoothing is given by k. 
EXSAMP uses first-order smoothing: k =  1. Thus, the regularizer is
based on differences between nearest neighboring decay functions, so that 
solutions in which two adjacent functions make strikingly different 
contributions to the fit are penalized. The strength of the smoothing is 
governed by c. In CONTIN, e is called aa and k can be varied from 0 to 
5; k = 2 is most commonly used (if k = 0, the subtractive term is left 
out, and CONTIN searches for the solution with least total amplitude).
Successful Laplace inversion begins with careful data acquisition and 
critical intermediate analysis. The computer programs used in this 
laboratory are outlined in Table 1. What follows is a brief description; 
more detailed description of the separate programs can be found in 
Appendix One. LFIBUS supervises the operation of the LFI 1096 correlator. 
Typically, a number of short correlation functions are measured. These are 
sorted by intensity, and high-intensity runs are discarded. The remainder 
are written to a .DAT file. (Note: file types are indicated by a period
and three-letter extender; ordinarily, a descriptive name precedes this). 
Program CORAN further analyzes each short correlation function, using 
second order cumulants [11], and the runs are again screened. The accepted 
runs are summed and analyzed by first-to-third cumulants. The output of 
CORAN, a .FIT file, serves as the entry to all other programs, and is 
updated as new fits are tried. The central feature of the software system
11
is the swift visualization of data provided by programs FASPLOT and 
GPLOT. Correlation functions can be quickly visualized in several forms, 
see, e.g., Figure 4 in the main text this chapter. Especially important is 
high—resolution plotting of the residuals and noise levels, Figure 4d. If the 
semilog representation, Figure 4c, shows substantial curvature, then more 
detailed analysis may be indicated. However, a second criterion is that the 
semilog plot extend smoothly— without bumps or "levelling off"— down to
 7 _Q
e or e . We ordinarily begin with MARLIN, moving from there to 
EXSAMP, and then to CONTIN. One could jump directly to CONTIN, 
but the interactive EXSAMP is a much more accommodating environment in 
which to get acquainted with the particular Laplace inversion at hand. For 
example, with EXSAMP it is easy and fast to change the range (of log(F) 
space, from log(r„in) to log(rBU)) over which solutions are sought, as well 
as the resolution (increasing as the number of exponential decay terms in 
the range). One can also experiment by varying e or study the effects of 
minor baseline adjustments. The results of such changes are evident in as 
little as 0.5 minutes. These preliminary steps are all possible with 
CONTIN, but are much more cumbersome and require detailed study of 
reams of output— a slow operation no matter what the computer. After 
using EXSAMP to explore a particular Laplace inversion, CONTIN can 
quickly provide an independent and completely impartial answer. An 
important feature of CONTIN is its statistically based assessment of the 
simplest possible distribution which will fit the data, which provides the 
most conservative estimate.
Clearly, our approach to Laplace inversion is modular. We find this 
stepwise approach much simpler than specifying many parameters in advance,
12
as is ordinarily necessary using CONTIN in "stand-alone" fashion.
CONTIN’s practically limitless analysis and display options are available if 
needed, but ordinarily it is used as a state-of-the-art Laplace inversion 
algorithm, whose optimum operating parameters are conveniently suggested 
by the more nimble EXSAMP, thus eliminating the need for multiple runs 
of CONTIN. The program SIMDATA allows one to explore what is 
theoretically possible for ideal data— i.e., data with no more than random 
noiBe. After A{r} is known, it is a simple matter to interactively produce 
interpretations involving size, form factor, molecular weights, etc., using 
program PLTAGAM. All programs except CONTIN itsdf are relatively 
rapid and give intermediate results, especially plots, which are immediately 
available for detailed or casual observation. Mastery of— or even familiarity 
with— CONTIN’s numerous commands is not required.
Light Scattering Apparatus
The goniometer is a device designed by Professor Paul S. Russo and 
manufactured at Louisiana State University by machinist George Gascon. It 
is used for both finite angle and zero angle measurements. The following 
description of the instrumentation is from reference [1]. Descriptive changes 
concerning the light scattering equipment since publication of reference [1] is 
noted outside the quotations.
"Its principle features are highly reproducible selection of apertures 
and pinholes, together with an imaging system that permits the user to see 
exactly the Bame volume as the phototube at about lOOx magnification.
Two laser sources are typically used: a Lexel Model 95 Argon ion laser with
13
an output of approximately two watts at 514.5nm and a Hughes 3227H-PC 
He-Ne laser producing about 4 mW at 632.8nm. Both lasers employed in 
this work are aimed by Btable three-point support systems" installed onto a 
TMC antvibration table. "Installation and alignment of either laser is 
achieved without use of mirrors in less than five minutes. Samples are 
supported in a Teflon insulated 3in. copper block through which water may 
be circulated. Temperature control and measurement to ±0.05°C is achieved 
by a platinum resistance thermometer imbedded in the water flow near the 
cell." Temperature can be controlled by water baths (Lauda RM-6 or 
RC-6) up to about 85°C [1]. Temperatures up to 150°C are possible when 
heated electrically by an Omega CN-2010 controller where stability above 
95°C is ±0.5°C over several hours [1]. "Higher temperatures are prevented 
only by softening of the lead solder joints used in sealing the water lines.
All QLS studies used either an EMI-9863 or Hamamatsu R928P phototube, 
with essentially equal results. A Precision Pacific Model 126 photometer 
amplified, discriminated and conditioned the photopulses. The correlator is 
a Langley-Ford Model 1096 equipped with 272 channels" and "multi-tau" 
capabilities extending the time window to 8192 channels.
We adopt the convention that the analyzer is that polarizer placed 
dosest to the detection optics and the polarizer is nearest the laser. "Very 
high-quality polarizers are required for zero angle depolarized experiments.
Since the laser is approximately vertically polarized, a low-power
o
Gian—Thomson polarizer (Karl Lambrecht MGT3E5; 1 watt/cm ) is sufficient 
to eliminate the small horizontal component. However, the analyzer must 
be able to dissipate the full power of the laser beam. The analyzer used 
in this research is the Karl Lambrecht MGLQD8, employing double escape
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window construction to permit the rejected beam to exit. The power rating
o
of this device (500 watt/cm ) provides an adequate safety margin in case it 
is inadvertently exposed to the focused laser beam. The advertised mutual
ft
extinction of these polarizers is 10 . Each polarizer is mounted in a 
Newport Research Model 470-B rotator, with angular resolution to 0.0012 
degrees. Other than the sample cell, no optics are placed between the 
polarizers."
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Table 1. List of computer programs 
Eiogiam Purpose Language___
LFIBUS Data
Transfer
SIMDATA Simulate 
Raw Data
CORAN
GPLOT
Cumulants 
[Ref. 8]
High re­
solution 
plots
FASPLOT Screen 
plots
MARLIN
EXSAMP
CONTIN
GROUP
Discrete
exponen­
tials
Laplace
inversion
Laplace
inversion
PLTAGAM Distribu­
tions
Basic
Basic
Fortran
Pascal
Fortran
Fortran
Fortran 
& Basic
Pascal
Files
Input Output
—  .DAT
—  .SIM
.DAT .FIT 
or
.SIM
.FIT Screen
.FIT .FIT
.FIT .FIT 
+.GAM
.FIT .FIT 
+.GAM
.GAM Screen 
Printed
Typical 
Run Time 
(minutes)
(varies)
(1-2)
(2-3)
Basic(*) .FIT Hardcopy (3-4)
(< 1) 
(1-10)
(3-30)
(12-30)
ks 5)
Fortran =  Microsoft V. 4.01; Basic = IBM PC Basic, Microsoft 
Quickbasic, or MicroWay 87Basic; Pascal =  Borland Turbo Pascal. 
* indicates that Golden Software's PLOTCALL is required.
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Recent advances in Laplace inversion of noisy data [1-4] have made 
quasielastic light scattering (QLS) a powerful and versatile tool for particle 
sizing. The advantages of QLS for determining particle size distributions are 
many. QLS can be applied to polymers in corrosive solvents [5,6], or 
systems which dissolve only at very high temperatures [7], and is applicable 
over a broad range of hydrodynamic radii (0.001 to more than 2 pm). 
Furthermore, QLS is a nonperturbing technique that relies only on very 
small spontaneous concentration fluctuations. This is in contrast to 
potentially more disruptive particle sizing methods such as size exclusion 
chromatography which imposes bulk flow, shear and the presence of a 
complex matrix.
A specialized variant of QLS, zero angle depolarized light scattering 
(ZADS), was first reported by Wada et al. [8], who studied solutions of 
tobacco mosaic virus (TMV). The technique has been applied to a number 
of biopolymers [8-12]. In most cases, relatively noisy heterodyne signals 
were recorded, due to the presence of substantial stray depolarized light and 
the relatively weak depolarization of most biopolymers. The first homodyne 
measurement was made by Schmitz and Schurr [12]. It is now realized 
that light depolarized by the optics is not the only potential source of 
difficulty in ZADS. Hopman et al. demonstrated the importance of double 
scattering effects in a study of bacteriophage T4 and T7 [11]. They were 
able to measure fairly quiet heterodyne correlation functions. After 
accounting for the double scattering effect, they obtained rotational diffusion 
coefficients that were in excellent agreement with electric birefringence
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results. Nevertheless, zero angle depolarized light scattering has largely been 
supplanted by electric birefringence methods [13, 14] for the study of the 
rotational motions of biopolymers.
Han and Yu [15] reported the first ZADS measurements on synthetic 
polymers in a study of rotational diffusion of poly(hexylisocynate) and 
internal motions of isotactic polystyrene. The zero angle technique has also 
been extended to mineral colloids [16]. Crosby et al. [6] were the First to 
attempt to use ZADS to obtain a size distribution. This study was partly 
successful, despite just moderate data quality in their heterodyne experiments 
and the very difficult nature of the system, which was 
poly(p-phenylenebenzobisthiazole) dissolved in an extremely aggressive solvent, 
chlorosulfonic acid.
Despite these several successful applications, it could hardly be 
claimed that the ZADS method has enjoyed the overwhelming acceptance of 
conventional QLS. Perhaps this is because of its initial application to 
biopolymers and other systems which do not depolarize strongly enough to 
overcome imperfections of the optics and/or multiple scattering effects. The 
present paper and a previous article from this laboratory [17] demonstrate 
that if strongly depolarizing particles are measured in instruments designed 
to hold stray depolarized light to a bare minimum, the result can be very 
quiet homodyne correlation functions quite good enough for accurate Laplace 
inversion. Then high resolution particle size distributions can be obtained 
simply, accurately, reproducibly, and with much better resolution than in 
conventional QLS.
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The fundamental quantity of interest in any QLS experiment is the 
first order (electric field) autocorrelation function, g ^ ( r ) .  For a 
polydisperse system, g ^ ( r )  consists of a weighted sum of discrete 
exponentials, but can be closely approximated by a continuous distribution:
gto(r) = SA jexpK jr) x /"A (r)e-rV d r  (1).
Popular Laplace inversion algorithms [1—4] yield a set of scattering 
amplitudes, A{r}, for a set of discrete values of the decay rates {r}. In 
the conventional QLS experiment, a vertically polarized incident beam is 
used, and either the unpolarized (Uv) or vertically polarized (Vv) scattered 
light is detected at some finite scattering angle, &. The conversion from 
A{r) space to concentration vs. size or concentration vs. molecular weight 
has been described in detail [17—19]. Presently we need only consider the 
implications of the first steps of this process. Each decay rate T- in a 
conventional experiment is directly proportional to the (mutual) diffusion 
coefficient D. of the ith species with hydrodynamic radius, •:
I\ =  q2D,= q2kT/(6n,Rha) (2).
Here, q is the scattering vector, equal to 4jr*n-sin(0/2)/Ao where n is the 
refractive index, A0 is the in vacuo wavelength of the incident light, kT is 
the thermal energy, and t) is the solvent viscosity. The key feature is that, 
if we compare two particles with one twice as large as the other, their
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decay rates only differ by a factor of two. As this is the approximate 
limit of resolution of Laplace inversion of imperfect data [2,3,20], two such 
particles can scarcely be resolved in conventional QLS.
Similarly, there are limitations on the determination of concentration 
in conventional QLS. A given scattering amplitude, Aj, is proportional to 
the product of concentration expressed as weight of the ith species per unit 
volume, and the molecular weight, Mj, of that species:
Aj a CjMjPCqRg j) (3).
The "form factor1' P(qRg) depends on size, usually expressed as radius of
gyration, R , and also shape. It describes the reduction in intensity due to 
©
intramolecular interference, and lies between zero and unity. In the limit q 
=  0, P(qRg) is unity for species of all sizes. If one can successfully 
convert from A{r} space to A{R } space [see, for example, Refs. 18 and
o
19], and if the particle shape is known, this term can usually be computed 
to sufficient accuracy from well-known theoretical expressions [21], and so 
poses no special problem. However, one would probably wish to make 
measurements at several angles and test for consistency, especially whenever 
any of the P(q,R „.) differ substantially from unity. These steps slow the 
analysis. Worse, in the case that particle shape is not known, the form 
factor becomes a severe impediment to accurate sizing.
In zero angle depolarized scattering (ZADS) the incident beam is 
again vertically polarized but only the horizontal, or Hv, component 
scattered to 8 =  0 is detected. It is necessary that the particles be 
optically anisotropic [22] in order to have any signal (apart from the
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multiple scattering signal [11])- As long as this condition is met, particles 
can have any geometrical shape — even spherical. In ZADS, as in 
conventional QLS, one observes intensity fluctuations. However, whereas in 
conventional QLS these arise primarily from translational diffusion, in the 
ZADS experiment the intensity changes are due only to rotational diffusion. 
The principal advantage of this in a particle sizing application is that the 
rotational diffusivity, S, depends on the cube of the particle size. The 
decay rate in Equation 1 becomes [22]:
r — = 6KT
a ZADS -  "  8?ri?Rh3
When it can be successfully applied, the advantages of ZADS are 
significant. Considering again two particles with one twice as large as the 
other, we see that their decay rates in ZADS would be separated by a 
factor of eight, and so could be resolved easily. Two particles differing in 
size by only 25% now define the resolution limit. Furthermore, form factor 
correction is unnecessary in ZADS. Finally, the slow number fluctuations 
[22] which plague conventional QLS measurements of large, strongly 
scattering particles that cannot be prepared at high concentration because of 
multiple scattering problems are usually negligible in ZADS because the 
scattering volume looking down the incident beam is many times larger than 
in conventional QLS.
These attributes do not come without a price. Aside from 
inapplicability to optically isotropic particles, the principal disadvantage of 
ZADS is that the Laplace inversion of Equation 1 yields amplitudes that 
are not simply related to concentration. Instead, Aj is proportional to
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Nj/?j2, where N- is the number density of species i the scattering volume 
and /?. is the optical anisotropy of the ith species [22]. Thus, one obtains 
the distribution of N/72 versus size. In some cases, the relationship between 
/? and size is known [See, e.g., Ref. [23]], but in general it is not. Two 
things may be said of this problem. First, it does not prevent studies of 
the stability of solutions— i.e., changes in the size distribution will still be 
detectable. Secondly, it may be possible to empirically "calibrate" the 
dependence of /? on size by making comparisons with another technique. 
Subsequent ZADS analyses of similar particles could be referenced to this.
Materials and Methods
Light scattering measurements and analyses were made prior to 
electron microscopic (EM) investigation, so as not to bias the results. The 
light scattering spectrometer and the ZADS alignment procedure and 
implementation have been described elsewhere, together with the methods 
used to prepare the Fluon poly(tetrafluoroethylene) samples [17]. Anatase 
Ti(>2 was kindly donated by Kemira, Inc., Savannah, Georgia. Three 
TiOg/water samples were prepared from a 3xl0'5 g/ml stock solution.
Due to the high refractive index of TiC^, even this dilute stock solution 
had a very faint blue tinge (in containers of 1 cm diameter) when held to 
direct light. To explore the importance of double scattering, experiments 
were conducted with polystyrene latex spheres of about the same size as the 
TiOg. For a latex solution having about the same scattering power as the 
TiOg stock preparation, double scattering effects [11] were detectable. 
However, the double scattering signal above baseline was very minor
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compared to the signal depolarized by T i02.
Nevertheless, in order to add an extra measure of certainty, dilutions 
with final concentrations of 4x10*® g/ml and 2x1 O'6 g/ml were prepared by 
adding dust—free water to aliquots of the stock TiOg solution in dedusted 
rectangular glass fluorimeter cells of 1 cm pathlength. A third sample 
consisted of the lower concentration sonicated for an hour- These samples 
all appeared "water white"— i.e., to the eye in natural light, they were as 
dear as pure water. Each sample was tested for absence of dust by 
inserting the cuvettes into the light scattering apparatus and observing the 
laser beam at about 100X magnification at 49.4° scattering angle (the 
unusual angle is the result of a Snell's law correction). All particle size 
distributions were obtained at 30±0.1°C and a wavelength of 632.8nm.
Because of the low concentrations, it was necessary to use a larger than 
normal scattering volume during the conventional QLS measurements of 
TiOg to prevent slow number fluctuations. This was accomplished by 
defocusing the beam and opening the apertures and pinholes in the detection 
system. A beam focused by a 16.5cm lens was used for all ZADS 
experiments.
TiOg samples were viewed in a Jeol 100 CX electron microscope in 
the scanning mode at an acceleration of 80kV and a magnification of 
10,000X. In comparison to Fluon, size distributions of T i02 were much 
more difficult to obtain by EM. Upon preparation for EM, the T i02 
particles aggregated into large clusters (Figure 1). While some clustering of 
these particles in suspension is expected [24], the aggregates seen by EM are 
much larger than any measured by QLS and would have caused bursts of 
high scattered intensity (similar to "dust") which were never encountered.
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Several preparative methods were tried in order to better approximate the 
true size distribution in suspension. Various concentrations of the colloidal 
T i02 were freeze-dried and air-dried on both protaminesulfate-coated [25] 
and uncoated copper—glass slides. Many of these attempts failed to suppress 
the aggregation. Finally, an acceptable size distribution from EM was 
obtained by placing a 20 /d drop of an extremely dilute (2.0 x 10"7 g/ml) 
TiOg suspension on each of five different uncoated EM boats and allowing 
each to air dry. Variously sized TiOg clusters of approximately spherical 
shape were randomly distributed on the grid (Figure 2). The distribution of 
radii (see Figure 3) was measured from 266 particles on 75 separate EM 
fields and was determined as the average of the length and width.
Light Scattering Results and Discussion 
Titanium Dioxide
From the outset, it was clear that the correlation functions were 
distinctly non-exponential and would not be well fit by single exponential or 
low order cumulants [26] methods. Nonetheless, data analysis began with 
these simple methods because they provide an initial assessment on the 
concentration dependence of E. Also, it is interesting to compare the 
average particle size from such a fit with the average size from EM.
The rotational diffusion coefficient, Table 1, exhibited no concentration 
dependence, as was also the case for Fluon [17]. None is expected at such 
low concentrations in the absence of any attempt to emphasize 
intermolecular interactions by forcibly keeping the ionic strength very low. 
Absence of concentration effects also indicates that multiple scattering effects 
are insignificant in our experiments. The average apparent spherical particle
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radius for TiOg was 244 ± 20 nm (S =  14 ± 3 Hz) in close agreement to 
its average EM radius of 237 nm. In the previous measurements of Fluon, 
the average rotational diffusion coefficient from third cumulants was 48 ± 3 
Hz, corresponding to an apparent spherical particle radius of 164 ± 3.5 nm, 
in reasonable agreement with the average EM radius of 145 nm for spheres 
with equivalent volume (assuming a right circular cylindrical shape).
The software system has been described elsewhere [20], Briefly, after 
third cumulants (3CUMU) analysis, decidedly non-exponential correlation 
functions with good signal to noise characteristics become candidates for the 
more complex fitting routines. First, a discrete exponential analysis is 
performed (nonlinear least squares program MARLIN [17,20]), in order to 
determine the range (in decay rate space) and number of exponentials 
actually required for a good fit. The discrete exponential fits are often as 
good as those from the smoothed Laplace transform programs. However, 
while five or fewer exponentials will generally fit the data within noise, it is 
often known a priori that the true distribution is not discrete but 
continuous. Then programs EXSAMP [17] and CONTIN [1] provide more 
realistic quasi-continuous distributions. Program EXSAMP is generally used 
before CONTIN, because it is easier to vary the range of decay rate space 
over which solutions are sought, as well as the resolution, or number of 
exponentially decaying functions in the fit. Also, the sensitivity of the 
Laplace inversion to baseline error can be gauged easily. Thus, EXSAMP 
serves to suggest convenient operating parameters for CONTIN such that 
independent and completely impartial answers can be obtained in only one 
run of CONTIN, which produces 12 distributions of varying detail and 
provides a number of statistical selection parameters. CONTIN also
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automatically chooses the least detailed distribution which adequately fits the 
data. We routinely examine all 12 of CONTIN's outputs, and report them 
either as CHOSEN or by order of appearance in the output file (CONTIN 
varies its parameters in a consistent fashion). Screen-oriented software 
greatly facilitates the task of examining CONTIN's massive output, and 
prepares the residuals of fit for display in the same hard copy format as 
our other analysis routines (see Figure 4).
Laplace inversion is very sensitive to noise. Therefore, it is 
imperative to examine closely both the data quality itself and also the 
quality of fit. In Figure 4 are typical data from ZADS measurements on 
TiOg- An equivalent representation of the Fluon data appears in Figure 4 
of Ref. [17]. Note in Figure 4A the substantial signal above a large 
baseline. The correlation function is undeniably homodyne and is easily as 
free of noise as many conventional QLS measurements. This is not 
surprising based on our visual observation using the ocular of the scattering 
instrument [17] that the depolarized scattering greatly outshines any stray 
light. Also, it was possible to force heterodyning by misaligning the 
polarizer, which allowed the horizontal components from the laser to reach 
the detector, providing a local oscillator of the right polarization sense.
The average decay rate of heterodyne correlation functions obtained in this 
way was precisely half that of the homodyne measurements obtained with 
the polarizers precisely aligned.
If the correlation function contained information about only one 
particle size, the semilogarithmic plot (Figure 4C) would be a straight line. 
Clearly, it is not, so these data are appropriate for Laplace inversion. The 
first of the error plots, Figure 4D, is for the third cumulants (3CUMU)
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method for obtaining average decay rates. The high value of the weighted 
mean square residual, x2 [27], and the high channel—to—channel correlation of 
errors, indicates that 3CUMTJ inadequately fits the data. Application of the 
Laplace inversion algorithms or discrete analysis dramatically reduces x2, and 
all of these latter routines fit the data equivalently within noise.
The final distributions from each fitting routine are in excellent 
agreement. Figure 5 compares distributions from the different fitting 
methods all applied to the same sample of TiOg- Note the linear abscissae, 
instead of the logarithmic scales usually associated with Laplace inversion of 
light scattering data. In the case of TiOg, EXSAMP provides a somewhat 
smoother distribution than CONTIN but the major features are similar. In 
our experience, it is unusual for CONTIN, which preferentially selects the 
smoothest solution, to return a tetramodal distribution. However, it is 
interesting that the discrete fit to four exponentials in g ^ ( r )  is completely 
consistent with this highly detailed chosen CONTIN solution. 
Sample-to-sample variation is shown in Figure 6 to be relatively minor. 
Although the tetramodal solution again appears, the peak locations are 
shifted slightly. We thus adopt the position that the best representation 
would be either to accept the smoother EXSAMP distribution or to blur 
the minor differences between CONTIN results. A smeared distribution was 
constructed graphically from the chosen CONTIN outputs of four repeat 
experiments (i.e., different TiOg samples, different acquisition times, etc.).
It appears superimposed on the profile from electron microscopy in Figure 7. 
The major peaks from both EM and ZADS coincide at approximately 
200nm, with matching shoulders at ~ lOOnm. The distribution from ZADS, 
however, contains an extra peak at large particle sizes not found in the
29
EM. Perhaps a more extensive EM data set would have revealed additional 
large particles. However, it is more likely that the EM size distribution 
contains a slight bias against larger particles. In the absence of any 
rigorous method for making a clear cut-off between aggregates that are 
actually present in solution and those which form on preparation for EM, it 
was decided not to gather more EM data. It seems as though EM is 
innately limited as a sizing tool for particles in solution when those 
particles cluster during preparation.
It is entirely possible that the particle size distribution determined by 
ZADS better represents the true size distribution in solution than that from 
the EM. The principal impediment to proving this is that the size 
dependence of is not known and obviously cannot be determined from the 
EM data in the face of the uncertainties about the clustering of TiOg. We 
should also mention the host of complexities to the ZADS experiment that 
we delineated previously [17]. For example, the correlation function from a 
monodisperse particle can actually contain more than a single exponential, 
due to coupling of the geometric and optical anisotropies [22]. However, for 
particles that are not too aspheric, one should expect these modes to have 
similar decay rates that could not be resolved, as was shown in detail in 
the case of Fluon [17]. Another potential artifact is that light scattered 
through 180 degrees from the beam reflected by the cell window makes a 
small contribution. This possibility was considered for Fluon and found to 
be negligible [17] and, besides, this effect would lead to a rapidly decaying 
term, and would therefore result in extra peaks on the small side of the 
size distribution, not the large. Thus, the disagreement between EM and 
ZADS on the existence of the larger particles is presently unresolved. A
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third method with which to compare the size profiles in solution would be 
desirable.
Fluon Latex
The distributions from Laplace inversion of Fluon data are 
superimposed on those obtained by electron microscopy in Figure 8. New 
compared to our previous publication [17] is the chosen CONTIN 
distribution. It is in excellent agreement with the previous distributions 
from exponential sampling. The apparent hydrodynamic radii, shown in 
Figure 8, were calculated from Equation 4. The length distribution from 
light scattering has also been obtained using Perrin's equations for a prolate 
ellipsoid of revolution [17]. Whether the Fluon particles are treated as 
ellipses or apparent spheres, the size distributions from light scattering are 
in excellent agreement with those from EM.
Conclusion
The main conclusion from this work is that non-perturbing zero angle 
depolarized light scattering can be simple and provide very high quality 
correlation functions for particles with large optical anisotropies, with the 
enhanced resolution that attends sizing based on rotational diffusion.
Examples of systems which may be well suited to ZADS are: catalysts and
preceramic particles of mineral origin, polymeric suspensions of magnetic 
recording particles where the polymer matrix is only weakly optically 
anisotropic and, perhaps, soot formation in aerosol flames. Although one 
may have to settle for the distribution of N/32 versus size or calibrate /? 
against another method, the ZADS method remains a simple, useful, 
discriminating, and non-perturbing means of following changes in size and/or
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aggregation. Additionally, the study of rotational diffusion of prohes through 
polymeric matrices should be possible given appropriately monodisperse, 
optically anisotropic probes that do not aggregate.
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TABLE 1 Third Cumulants Analysis for TiOg
CONCENTRATION 
U / m l  )
r ZADs/Hz r Uv/H:
4x10-® 87.6±20 38.2±5
2x10"® 86.1±12 38.4±4
2x10"® 89.9±15 40.6±4
(sonicated)
Note: This table corrects an error in our preprint [28],
in which the two columns containing decay rates were 
inadvertently transposed.
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Figure 1. Image of aggregated TiOg. A 20/d drop of T i02 (4X10"6 g/ml) 
was placed on protaminesulfate-coated EM slide and freeze-dried.
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Figure 2. One of 75 SEM images used for histogram analysis. See text.
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Figure 3. A histogram of TiOg radii, based on EM measurement of 266 
particles.
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Figure 4. Typical ZADS correlation function; 2xl0*6 g/ml T i02* Panel A:
G ^ ( r ) ,  showing baseline and large coherent signal above baseline. Panel 
B: normalized first and second order correlation functions. Panel C: semilog 
representation. Panel D: error plots for various fits. The abscissa is the 
same as panel B. The height of each bar represents the uncertainty in 
| g ^ ( T) | 2 while the center of each bar is plotted to show the difference
where g ^ ( r )  is calculated using the theoretical 
baseline, B^. The 3CUMU fit used baseline Bt = P (P -0 )/N  where P is
Q
the total number of photopulses (typ cally 10 ), 0  is the number of shift
register overflows (usually 0), and N is the acquisition time divided by the
0
channel time (typically 10 ). All other fits used a fitted baseline, B  ^ — 
Bt +  11.5ffg = 1.001Bt ; <Tg is the baseline uncertainty,
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Figure 5. Top plot is overlay of EXSAMP and CONTIN. MARLIN's fit 
(bottom plot) is to 4 exponentials. The vertical error bars were smaller 
than the data points.
42
T i 0 2/ H 20  ,
2  x IO‘®Q/mlt 3 0 °  C 
o  E X S A M P  
•  CONTIN(CHOSEN)
z
o
0 2 4 6 8 10
R x  I 0 5/cm
o
1086420
R x  lOVcm
43
Figure 6. Comparisons of chosen CONTIN fits on 4*10'6 g/ml and 2*10'6 
g/ml each with different acquisition times.
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Figure 7. Comparison of the TiOg average size distribution from ZADS 
with the profile from EM. Solid curve denotes a smoothed average of 
chosen CONTIN results from 4 separate TiOg measurements; see text.
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Figure 8. Comparisons of MARLIN, EXSAMP, and CONTIN for Fluon. 
From top to bottom: CONTIN, EXSAMP, and 4-exponential MARLIN (2 of 
the 4 exponentials overlap).
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CHAPTER TWO 
THE DYNAMICAL BEHAVIOR OF RODLIKE POLYMERS 
IN CONCENTRATED SOLUTIONS
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Historical Introduction
The study of the dynamical behavior of rodlike macromolecules in 
concentrated solutions is rich in controversy. Theoreticians are debating the 
mechanisms that govern the motional behavior of the rods and the point at 
which these mechanisms become valid. Experimentalists have attempted to 
validate the more basic theories but instead have arrived at wildly 
conflicting results. Yet, for all the disagreements, rodlike polymer dynamics 
remains little studied in comparison to random coils. This is both curious 
and unfortunate. Curious in that rodlike polymers are the basis for 
numerous high-performance materials, including ultralight composites and 
fibers with tensile strengths greater than steel. Unfortunate because 
studying the relatively simplified motions rodlike polymers undergo may 
provide key elements to an all encompassing kinetic theory of polymers.
The seminal ideas of Doi and Edwards (DE) [1] have laid the 
groundwork for a variety of mechanistic approaches that endeavor to 
describe fully the dynamical behavior of concentrated solutions of rodlike 
polymers in the isotropic phase. DE envisioned a system of infinitely thin, 
rigid rods immersed in a fluid that is oblivious to the presence of the rods. 
At concentrations 1/L 3< v < 1/dL2, where L is the rod length, d is the 
diameter and v is the number concentration, DE theory describes rodlike 
polymer dynamics in terms of the cages a collection of neighbors form 
around a "test" rod. The cages prohibit diffusion perpendicular to the rod 
axis (Dx) and severely restrict rotational motion. These constraints are not 
released until the test rod escapes the cage or the cage itself is dissolved 
by diffusion parallel to the rod axis (D( ( ). Thus, at concentrations 
exceeding about one rod per volume L3, the rotational motion is predicted
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to be very hindered, the viscosity sharply increases, and the translational 
self diffusion is reduced by 50%:
DSelf =  D°/2 (1).
where D° is the zero concentration translational diffusion. The 0 superscript 
will be used to represent the zero concentration limit throughout this 
chapter.
Evans and Edwards (EE) [2] considered the effects of finite rod 
diameter on caging at concentrations at or above 1/dL2. In this 
concentration regime, they assumed that the rod orientation remains 
completely isotropic and that the diffusivities parallel to the rod axis 
becomes hindered as the test rod experiences end on collisions with other 
rods in its path. They arrive at the following expression for the self 
diffusion:
Dself =  (D °/2)(l-g{«iI‘S}3/2) (2).
where the parameter g is expected to be approximately one.
Keep and Pecora [3] expanded on DE theory by recalculating cage 
sizes. Considering the dynamical behavior of thin rigid rods based on the 
rotational motion of the tip of a test rod on a spherical surface, they found 
that rods are not caged below vl?=17 but are nearly always caged above 
i/L3=50. For example, Keep and Pecora [3] performed preliminary 
simulations by drawing arcs on a rubber ball and found that all of the arcs 
are interconnected at concentrations of i/L3>50. It is at this point where
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caging is defined [3] to be complete. They later updated this geometric 
argument [4] to include what effects finite diameter or flexibility have on 
cage size. When considering the diameter, Keep and Pecora calculated that 
random orientation of perfectly rigid rods is no longer possible at or above 
i/dL2-2.26. They postulate that the nematic transition does not necessarily 
take place at this concentration; rather, the system experiences local order 
before the onset of the liquid crystalline phase. In terms of rod flexibility, 
Keep and Pecora [4] ignored finite diameter effects and determined cage size 
as a function of the ratio of persistence length to rod length. Based on 
the arguments of Odijk [5], they calculated the concentration where the 
mean square deflection of the Kratky-Porod wormlike chain [6] is equal to 
the cage size. It is at this concentration that a new dynamical regime 
begins [4,5] as the coil is able to bend outside the confines of the cage 
such that the hindrance to rotational diffusion is substantially less than the 
DE prediction [1]. Keep and Pecora [4] found that as the rod stiffness 
increased, the concentration at which the cage size equals the mean square 
deflection of a wormlike chain increases.
DE theory and treatments based on DE theory [2-5] have all 
assumed that diffusion perpendicular to the rod axis is negligible. Teraoka 
and Hayakawa [7] modified caging theory to allow for transverse self 
diffusivity by letting the test rod "jump" from one cage to another each 
time the enclosing cage dissipates. The transverse self diffusivity is expected 
to take the form D^ « (I+ t^L 3)-2 where 7 is an undetermined numerical 
constant. As the concentration is increased, the DE prediction for the 
translational self diffusivity is approached.
Molecular dynamics simulations [3,8—11] are mixed in their agreement
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with caging concepts espoused by DE. Those simulations which modeled 
rodlike polymer dynamics as a pure fluid of thin rods [10,11] confirmed the 
concentration dependence of the rotational diffusivity predicted by DE at 
concentrations of i/L3>70. On the other hand, these same simulations 
predicted that the self diffusivity should increase with concentration. This 
result is understood as the rods, in the absence of the randomizing effects 
of solvent, begin to align themselves. The degree of orientation increases 
with concentration. As the rods align, constraints imposed at the tips of 
the rods are effectively removed; thus, the self diffusivities increase with 
concentration. Subsequent molecular simulations are more realistic in that 
they account for finite thickness effects and the addition of solvent. These 
Brownian dynamics simulations [8,9] show that the randomizing forces of the 
solvent damp out long range correlated motions; hence, the simulated 
translational diffusivities smoothly decrease with concentration [9], ultimately 
reaching values lower than imagined by DE. Furthermore, based on the 
simulated rotational diffusivities, reference [9] asserts that no caging is 
observed at concentrations of i/L3<50.
The recent efforts of Shimada, Doi and Okano (SDO) [12] reflect the 
growing sophistication of pure theoretical approaches to rodlike polymers. 
SDO was prompted by the results of Russo, et. al [13] to consider the 
thermodynamic interactions between rods in predicting both the static and 
dynamic structure factors for a concentrated solution of rodlike polymers. 
Maeda [14] reformulated SDO theory in a more tractable form and devised 
a numerical algorithm that readily computes the dynamic structure factor. 
These developments, to be discussed more fully, allow direct comparison to 
experimental data obtainable by both static (SLS) and quasielastic (QLS)
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light scattering.
Combined SLS/QLS is a tool well suited to understanding polymer 
dynamics and thermodynamics. In this chapter, results from SLS and QLS 
measurements of poly—7-benzyl—a,L-glutamate (PBLG) in dry 
N,N-dimethylformamide (DMF) will be presented. PBLG is ideal for 
studying the dynamical behavior of rodlike polymers in that it is extensively 
characterized, nearly monodisperse, uncharged, relatively stiff and 
unaggregated in DMF. Four molecular weights between 60—277 kd were 
studied at five temperatures at concentrations spanning the entire isotropic 
regime.
Theoretical Background 
Static Light Scattering
One may discuss the SLS experiment in terms of the van Hove 
space-time correlation function g(q,t), where t is the time and 
q=(4jm/Ao)(sin0/2) is the magnitude of the wave vector with n the 
refractive index, A0 the wavelength in vacuo, and 9 the scattering angle.
At infinite dilution and low angle, the static structure factor, g(q,0) (often 
referred to as the form factor), may be written as
- g P P J -  -  d + |R |/3 h 2) (3).
where R is the particle radius of gyration. Experimentally, the static
O
structure factor can be determined for a given concentration and scattering
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angle by:
trj- = h o t -  - h s t s -R^r(1+q!{RlN-',/3>) (4)-
where Mapp and R app are the apparent weight average molecular weight
O
and radius of gyration, %Kq is the Rayleigh factor measured at angle 6, c is 
the concentration and the optical constant, K, is equal to — —( dn/flc)
n a aS
with and dnfdc being Avogadro's number and the differential index of
refraction respectively. The appellation "app" in M and R_ may be
app Sapp
better understood in terms of Figure 1. If one extrapolates to zero
concentration (c^), i.e., as in a Zimm plot, the slope of a plot of Kc/iH^
versus q2 is one-third the squared radius of gyration of the polymer. The
intercept is the true weight average molecular weight. The intercepts
increase with concentration and the slopes begin to decrease. The increase
in the intercept corresponds to a decrease in M . This trend will be
app
discussed shortly. The decrease in the slope corresponds to a decrease in 
the correlation length, (  as can be explained with the aid of Figure 2. At 
low concentration, the effective distance between the rods is larger than at 
high concentration. Thus, the larger the concentration, the smaller the 
correlation length. Therefore, in a plot of Kc/SH^ versus q2
R2
6app _  >2 _  in itia l slope 
5  ^ intercept '  ^
One may obtain the osmotic susceptibility, (&r/dc)T , directly at the
1 >P
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concentration of interest by extrapolating Kc/R^ to zero scattering angle, 
i.e.,
(dw/dc)T p  = ^  RT (6),
where R is the gas constant, T is the temperature and p is the pressure.
For a system of rodlike polymers, (dx/dc)T  _ is expected to initially
A »P
increase linearly with concentration [15] thus accounting for the increase in
M”1 in Figure 1. The virial expansion of equation 6 has the form 
app
(&r/0c)T p  =  RT(M_1 +  2A2c +...) (7).
According to Onsager's theory [15], the term containing the second virial 
coefficient, A2, is sufficient to describe the osmotic susceptibility of very 
large concentrations of rod shaped particles. In terms of A2, equation 7 
becomes
One may combine equations 4 and 8 to yield
| £ -  =  (M-> +  2A2e)(l+q3R=/3) (9),
'6
which is the general form at finite scattering angles.
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Quasielastic Light Scattering
The observed quantity in QLS is the intensity autocorrelation function 
from which a mutual diffusion coefficient, Dmutuap can be extracted (see, 
e.g., Chapter One and references therein). The recent, and until now 
untested, SDO [12] theory deals with Dmutuaj as measured by QLS for a 
system of rodlike polymers at concentrations throughout the isotropic regime. 
For the first time, SDO theory computes dynamic structure factors arising 
from fluctuations in concentration and alignment. "Hard rod" intermolecular 
potentials are also included to account for spontaneous formation of the 
nematic phase at sufficiently large concentrations. SDO theory describes 
^mutual a rot* °bta*necl by dividing the first cumulant T [16] of the 
dynamic structure factor by q2:
“ mutual =  W  =  Dwlf[l+ 8 ^ ][l+ B M (q L )’] (10),
where Dge^  represents the diffusivity of a single polymer in the absence of 
a concentration gradient and v* is the critical number concentration where 
the isotropic phase is predicted to become unstable, i.e.,
v* =  4/Ag (11).
Equation 11 is a  direct prediction from SDO theory. Examples of what 
concentration iA  means in more conventional terms may be found in Table 
1. The number density second virial coefficient, A^, may be determined 
from the osmotic pressure, jt, and the thermal energy per molecule, kT:
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jt =  i/kT(l+A^)= cRT(M-‘ +  A2c) (12).
Comparing the middle and right hand portions of this expression and 
recalling that c =  i/M/N^, Ag may be rewritten in terms of the 
conventional virial coefficient for concentration in terms of weight per unit 
volume:
A2M2
A2 =  - W 7 -  (13>-
The function B(u) in equation 11 is positive at low concentrations, but 
changes sign as the concentration is increased:
,  = l 2 (Dt i -Dj.)
BM  =  - r o s r   i ^ ' e i t  (14)l
where E is the rotational diffusion coefficient. This term depends on 
concentration and entanglement of polymer.
In the limit of small qL, the B(i/) term is negligible. In this case, 
when v is converted to concentration as weight per volume, c, equation 10 
is exactly equal to the following classical expression [17]:
^mutual “ (M/N A) ( W f c ) T ,p)/fmutual (15).
The osmotic susceptibility represents the thermodynamic driving force due to 
concentration fluctuations, while fmu u^ai *8 opposing friction coefficient 
per polymer in response to a concentration gradient. The volume fraction
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of solvent, l - ^ ,  may either appear in the numerator or denominator [18] of 
equation 15 depending upon how D  ^ ^  is measured. The location of the 
InJjg term is contingent upon whether the osmotic susceptibility is 
determined at constant pressure or constant chemical potential of solvent.
In the present case, this term should appear in equation 15 in the 
numerator; however, the theory of SDO takes this parameter to be unity. 
Thus, 1—<J>2 is ignored for the sake of consistency with SDO. For the most 
concentrated solution used in this study, this term could affect Dmutuai by 
as much as 13%. The absence of the term in no way jeopardizes any of 
the results.
If one determines (cbr/0c)<pp from SLS (see equation 6) and Dmutua]
from QLS (see equation 10), equation 15 can be solved for fmutuap 11 is
unknown whether fmutuai= fseif> where fge^  is the friction coefficient of a
single polymer. However, as the slope of the osmotic susceptibility with
respect to concentration is large, it is anticipated that the major effect
causing a difference between Dgejf and Dmu u^ai will be the thermodynamic
driving force. Hence, a thermodynamically corrected mutual diffusion,
*
referred to as the quasi-self diffusivity, D , is defined:
D* =  —T~“~-----  (16).
m utual
Experimental
Materials
Five molecular weights of PBLG were used in this study. These
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were purchased from Sigma with advertised molecular weights of 66,000 (lot 
#34F-5004), 165,000 (lot #96F-50U), 218,000 (lot #96F-5012), 260,000 (lot 
#85F-5020), and 318,000 (lot #96F-5013) daltons. The DMF used 
throughout this work was Aldrich "Gold Label" DMF stated as containing 
< 0.005% water.
Fractionation
The result of fractionating the PBLG was to effectively remove the 
low molecular weight products from the bulk polymer. Four molecular 
weights were selected for study by light scattering with advertised molecular 
weights of 66,000, 165,000, 218,000 and 318,000 daltons. One percent 
solutions of each molecular weight were prepared in dry DMF. These 
solutions were continuously stirred at room temperature in an atmosphere 
saturated with the non-solvent methanol. The dryness of the non-solvent 
is not critical as the PBLG is to be dried upon precipitation. Dry DMF 
was used only because it was readily available. Precipitation of PBLG 
typically began after two weeks. When the solution became nearly opaque 
in a container of 8cm diameter, it was removed from the methanol 
atmosphere and centrifuged at 30,000g for 2 hours. One ml of the 
supernatant liquid was tested for the presence of lower molecular weight 
fractions of PBLG by the addition of water then discarded if none was 
found as indicated by lack of turbidity. The precipitate was dried under 
vacuum at <50°C until it reached a constant weight. The whole process 
was repeated until no more PBLG remained in the supernatant. Altogether, 
twenty—one polymer fractions were collected by the process. In all cases,
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the first fraction contained the most material and was used for the light 
scattering studies.
Sample Preparation
Preparation of Dust-Free Glassware
Preparation began with soaking all glassware overnight in fresh 
"Chromerge". The "Chromerge" was removed from the glassware by rinsing 
with copious amounts of dust-free water. The dust—free water was obtained 
from a Millipore R/Q purifier having >2.5Mflcm resistivity and was filtered 
through a Gelman 0.2/mi cartridge filter installed at the water supply tap. 
The glassware was then filled to capacity with dust—free water and 
sonicated for typically one hour. At this point, polystyrene cells were made 
dean by merely rinsing them in dust-free water. The polystyrene cells 
were checked for deanliness by visually examining the water in the cell in 
a laser beam (from an Ar ion source) with a microscope at 100X (see 
Chapter One). The sonicated glassware was rinsed approximately 50 times 
with more dust—free water. All glassware except light scattering cells was 
checked for dust by transferring the rinse water to a clean polystyrene cell 
and observing it in the laser beam. The sonicating-rinsing process was 
repeated until less than one "dust-event" per 30s occurred. Light scattering 
cells were observed directly in the laser beam. A higher standard was 
applied to the light scattering cells as the cells were often observed for 
several minutes without recording a dust event. Additionally, the measured 
volume in a light scattering experiment is much smaller than the observed 
volume so measured dust events were quite rare.
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Removing Dust in the DMF
The DMF was vacuum distilled in a dry Ng atmosphere at 45°C and 
14mm Hg pressure. The distillate was collected into clean, nearly dust free 
flasks and filtered through a 0.2pm Gelman "Aero" prefabricated teflon filter 
into dust-free centrifuge tubes. The solvent was centrifuged at 9500g until 
no dust was detected when examined in a laser beam.
Removing Dust in the Polymer
Sample preparation began with a reduction of the amount of dust in 
the bulk fractionated polymer. One percent solutions of PBLG fractions 
were prepared in the filtered and distilled DMF and passed through either a 
0.45pm (318,000 dalton PBLG) or a 0.2pm Gelman "Aero" filter into dust 
free water. The resulting precipitate was recovered and vacuum dried to a 
constant weight.
Special precautions were taken to ensure that all light scattering 
samples were water free because the PBLG/DMF system undergoes phase 
separation in the presence of water [19]. Typically, two stock solutions of 
differing PBLG concentrations were made. All stock solutions were prepared 
inside a Ng filled glovebag and filtered through 0.2pm (0.45pm for 318,000 
dalton PBLG) "Aero" Gelman filters and centrifuged until the solutions 
appeared dust free in the magnified laser beam (usually for two hours at 
9000g). Aliquots were taken by "Pipetman" dial pipets from the less 
concentrated stock solution, placed into dust-free constricted glass cells, and 
diluted to the desired concentration. Aliquots from the more concentrated 
solution were placed into the same type of dust-free cells and vacuum dried 
to higher concentrations. The sample cells were capped with teflon tape in
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a Ng atmosphere and, placing a gloved thumb over the mouth of the cells, 
were quickly transferred to a Ng purged vacuum oven. Final concentrations 
ranged from lx io-3 to 1.6xl0"lg/ml where the specific volume of PBLG in 
DMF is taken as 0.791cm3/g [20] assuming the specific volume of polymer is 
independent of concentration. All samples were flame sealed under partial 
vacuum (a Ng atmosphere at approximately 60mm Hg), mixed by vigorous 
shaking, and allowed to stand one week before measurement.
Light Scattering
Differential Index of Refraction
The differential index of refraction was determined from a 260,000 
dalton PBLG at 25°C over a concentration range of 3.00xl0‘3 to 
1.41xl0'2g/ml. The differential indices of refraction were linear in this 
concentration range with correlation coefficients averaging 0.999. A 
Brice-Phoenix differential refractometer, modified to accept laser line filters, 
was used to obtain the data. The refractometer was calibrated with 
KCl/water solutions. The dn/dc's of KC1 were taken from the 
Brice—Phoenix manual and plotted as a function of A"2. A linear fit was 
obtained curve such that the dn/dc's for KCl/water were interpolated to 
488nm and 514.5nm and extrapolated to 632.8nm. Molecular weight and 
temperature independence was assumed. The results for each wavelength are 
tabulated in Table 2. The value obtained for 632.8nm is in exact 
agreement with reference [24].
Quasielastic Light Scattering
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QLS experiments were performed using the device described in 
Chapter One. The "multitau" feature of the LFI correlator was employed 
for the most concentrated PBLG samples at the three highest molecular 
weights in order to enhance the resolution of the multiple decay modes 
inherent to these samples [4,13,21,22]. When multitau is implemented, the 
correlator uses 144 channels divided into blocks of 64, 48, and 32 channels. 
Each block is assigned a different sample time (the time interval between 
adjacent channels). The first 64 channels are separated by the base delay 
time. A multiple of the base delay time applies to the other two blocks of 
channels. This multiple is 2, 4, 8, or 16 for the next 48 channels and 4,
16, 64, or 256 for the last 32. In this manner, a much broader range of
decay rates can be covered than is possible using a single delay time for 
272 channels, which is the normal mode of operation. Correlation functions 
obtained from samples of lesser concentration were measured using the 
standard 272 channel configuration of the LFI correlator with the last 16 
channels delayed by 1096 times the sample time. All QLS measurements 
were made at 488nm and temperatures of 15°, 30°, 40°, and 75°C ± 0.2°C 
where the viscosities were taken from the manufacturer (Dupont) literature
as 0.0087, 0.0075, 0.0067, and 0.0049 poise respectively. The refractive
index used was 1.428 independent of temperature and concentration. At the 
maximum concentration, the error in q2 would be [(0.127c/l.428)M00%] (see 
Table 2). Data collection and analyses are described in Chapter One and 
Appendix One.
Static Light Scattering
SLS data were gathered on the same goniometer used for QLS
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experiments. These measurements were made over a range of temperatures . 
spanning 5°-80oC±0.2°C and an incident wavelength of 514.5nm. The data 
were converted to Rayleigh factors using toluene as a reference standard.
The Rayleigh factor for toluene at 90° scattering angle is 1.402xl0'5cm'1 at 
632.8nm [23]. The value at 514.5nm was determined as 3.208xl0’5cm-1 by 
adjusting the value at 632.8nm i.e, Rtoiuene = Rto luene„, (632.8/514.5)’ .
014.0 OoZ.o
Results
Static Light Scattering
Table 3 indicates the average molecular weight, radius of gyration and 
virial coefficient for each molecular weight studied. Zimm plots, prepared 
from the data taken at concentrations < 0.01g/ml, were used to obtain each 
of these quantities. The quoted uncertainties are the average of the 
uncertainties determined by the propagation of errors from each repeated 
intensity. Actual uncertainties are higher, corresponding to such things as 
cells which exhibit more stray light, the inability to place the cells into the 
beam the exact same position each time and the occasional appearance of 
dust, etc. Figures 3A-D are typical Zimm plots obtained from all PBLG 
molecular weights. Figures 3E-H are plots of Kc/Pfy as a function of q2 
for large concentration data of all molecular weights. Note the behavior of 
the highest concentrations of the 277,000 dalton PBLG in Figure 3E where 
the slope begins to increase with increasing concentration. This behavior 
will be discussed in a subsequent section.
A plot of the virial coefficients versus temperature, Figure 4, shows
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the system to be thermodynamically good at all temperatures. Almost all 
data points are substantially above the excluded volume limit of 
3.2*10‘4cm3mol/g2 calculated from reference [17] as A2=jrN^dL2/4M2 where 
the molecular lengths are calculated from the molecular weight data using 
an o-helix pitch of 0.15nm [25] and a geometric diameter of 1.6nm [13]. 
Using the global average of 4.35±0.83xl0'4cm3mol/g2 (Table 3), a diameter of 
1.98±0.42nm is suggested. Furthermore, no theta point is found in the 
range of 5-80°C. The results in Figure 4 are in agreement with Kubo and 
Ogino [26] (albeit they are somewhat more noisy) in that they did not 
observe a theta point. The results here and in reference [26] disagree with 
those of Goebel and Miller [27] who reported a theta point at 15°C. the 
results of reference [27] may be due to contamination solvent with trace 
amounts of water.
The concept of a theta point for rods may be foreign to some. The 
theta point can be defined as A2=0 [28]. One may distinguish between the 
meaning of a theta point for random coils and rodlike polymers by referring 
to Figure 5. In Figure 5, x  represents the reduced excess free energy of 
mixing. For dilute solutions of random coils, A2=0 when *=1/2 [29]. It 
is at this point that solutions of random coils of infinite size are predicted 
to separate into two isotropic phases [29]. On the other hand, the 
separation into two phases for rodlike polymers is predicted to occur at 
[30]. Even though x < l /2, a system of rodlike polymers can separate into 
two phases: one isotropic (containing randomly oriented rods) and the other
anisotropic (containing partially ordered rods). Also in random coils the 
theta point corresponds to cancellation of nonidealities arising from finite size 
and segment-segment interaction, resulting in some contraction of the chain
69
compared to good solvent conditions. Such contractions are, of course, 
meaningless for purely rigid rods.
Osmotic susceptibilities determined from SLS at each concentration 
(equation 6) vary linearly with concentration over most of the range studied, 
in agreement with classical Onsager theory [15] (Figures 6A-D).
Nonlinearities occur at the highest concentrations; however, upon increasing 
temperature, these deviations become less severe or disappear altogether.
Quasielastic Light Scattering
Cumulants Analysis
The correlation functions are always nonexponential; however, as will 
be seen, useful averages are obtained from single exponential fits and are a 
valid method for dealing with the trends of the data. The decay rate of 
the correlation function obtained from the third cumulants [16] (3CUMU) fit 
is plotted in Figures 7A-H as a function of q2 for selected concentrations 
at various molecular weights and temperatures. At low concentrations, these 
plots show a slight, but statistically significant, upturn with increasing 
scattering angle. However, as the concentration is increased, these plots 
show a distinct downward curvature past 90° scattering angle. These results 
are similar to those reported by Russo et. al [13] for a 300,000 dalton 
PBLG.
Figures 8A-D show the concentration dependence of the mutual 
diffusion coefficients for all molecular weights. The mutual diffusion for 
each concentration is obtained as the slope of a plot* of the third cumulants 
decay rate versus q2 in the region of 30° < 6 < 60° in order to avoid 
overestimation of Dmutuaj at low concentrations or underestimation of
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mutual at high concentration. For all molecular weights measured at
15°C, there is an increase in the diffusion coefficient followed by an 
eventual change in slope. This general trend is similar to that reported by
references [21,31]. Upon increasing the temperature, the data behave like
those of Russo et. al [13]— that is, the overall trend is an increase with
concentration. However, at some molecular weights and temperatures, there
is an initial decline of the mutual diffusion at the lowest concentrations.
The decrease is relatively small (less than 10%) and in some instances is 
within experimental error. This initial decline is also evident on close 
inspection of the earlier work of reference [13]. Nonetheless, for all 
molecular weights over the temperature range studied, extrapolations to 
infinite dilution yield values that are within 12% of those predicted by the 
Kirkwood—Riseman [32] or Broersma [33] relations where:
Kirkwood-Riseman:
The term Tj in equations 17 and 18 is the solvent viscosity.0
From the cumulants method, one can determine an average decay rate 
T and the variance /^ /T 2 (see e.g. Chapter One and reference [16]). The
D °= (kT)/n(L/d)/{37rj7 L),0
E °=  (3kT)in(L/d)/(7ri7 L3)0 (17) and
Broersma:
D °= (kT/3jrj; L)[£-0.5(')|, +7  )],0 -*■
H°= (3kT /tt»7 L3)(£-e),0
S=ln{ 2L/d),
Tj , = 1.27—7.4($"1-0.34)2, 
7x= 0.19-4.2(f1-0.39)2 
£— 1.45-7.5(<5wl-0.27)2 (18).
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polydispersity ratio can be estimated from the variance as Mw/Mn~ l + ^ / T 2 
[21], where Mw is the weight average molecular weight and Mn is the 
number average molecular weight. By this method, the polydispersity ratio 
of the fractionated PBLG used in this study was Mw/M n<1.15 for all 
molecular weights.
Treatment of Non-Exponential Decay— Low Concentration
Figure 9A shows a typical low concentration, low q correlation 
function for a 1.603* 10'3g/ml (i//i/*=0.016) solution of 149,000 dalton PBLG 
measured at 40°C and a scattering angle of 45° (qL=1.4). Low 
concentration is defined as v/v*< 0.2 because it is at this point where an 
increase in non-exponentiality is observed. The ranges quoted in this study 
are based upon broad observations of literally hundreds of correlation 
functions. They are stated here merely as a convenient reference point and 
are not based upon any known theory. The correlation function appears to 
follow exponential behavior (Figure 9C) out to t « 7.5*10"4s. At larger 
times, the correlation function may decrease less rapidly although it is 
difficult to tell as the data are obscured by noise in the last few channels. 
The correlation function for the same sample measured at 135° scattering 
angle (qL=3.5) appears exponential into noise (Figure 10C). As was often 
the case in these experiments, correlation functions measured at high angles 
and low concentration were subject to poorer signal-to-noise than their low 
angle counterparts. This is because at high angles, shorter distances are 
being probed (i.e, 1/q becomes smaller) requiring the experiment to be 
performed on a faster time scale. Because one is limited by the number of 
photocounts that can be effectively processed, the number of photocounts per
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delay time decreases at higher angles. Thus, in the example presented here, 
in order to obtain the same level of data precision at 135° requires four 
hours of data acquisition versus 45 minutes at 45°. Regardless, the data in 
Figure 10 are adequate for data analysis. Application of the discrete 
nonlinear fitting algorithm MARLIN (see Appendix One), or either of the 
two Laplace inversion routines EXSAMP or CONTIN (Appendix One) does 
not substantially improve the fit to the data over third cumulants as 
evidenced by the weighted mean square residual, x2 [34] (Figures 9D and 
10D). These fitting routines were supplied baselines modified by less than 
10 statistical uncertainties (Chapter One). Unimodal decay rate distributions 
were returned by CONTIN and EXSAMP for the data in Figures 11 and
12. These distributions are in agreement with the one exponential fit to 
g(i)(r ) from MARLIN using a theoretical baseline and the decay rate from 
third cumulants analysis (Figures 11 and 12). The single mode distributions 
in Figures 11 and 12 are typical of the most dilute solutions from all 
molecular weights measured over the entire range of q.
It is possible to resolve a rapid decay mode for the 277,000 dalton 
PBLG for i//i^=0.083 measured at 0=90° (qL-5). The mode is relatively 
weak (about 10% amplitude) and the value of the decay rate is difficult to 
determine accurately. At qL=5, E is predicted to be detectable by QLS 
[35] so it is reasonable to assume that this rapid decay rate corresponds to 
q2D +  6E [36]. Taking D from the third cumulants fit at 0=90°,
E =  3800±400s-1 where the stated uncertainty is estimated from MARLIN. 
The KR (equation 17) and Broersma (equation 18) rigid rod values 
correspond to 3600 and 3100s-1 respectively assuming a hydrodynamic 
diameter of 2nm [13]. Due to the difficulty in resolving these weak decay
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rates, this method is emphatically a poor way of determining rotational 
diffusivities.
Treatment of Non—Exponential Decay— Intermediate Concentrations 
Intermediate concentration is defined as 0.2< vfiA <0.7. At these 
concentrations, an increase in non-exponentiality is readily seen in the 
semi—logarithmic plots of the correlation function. At the higher end of the 
concentration range, distinct bimodal character is observed upon Laplace 
inversion of the correlation function. Non-exponentiality can be observed 
throughout the range of q studied. Figure 13A is a typical intermediate 
concentration correlation function for a 1.870x10 ^^ g/ml (i//r^=0.32) 179,000 
dalton PBLG measured at 40°C and a scattering angle of 90° (qL=3.7).
The log of the correlation function (Figure 13C) shows substantially more 
curvature than those in Figures 9C or 10C. At these concentrations, both 
EXSAMP and CONTIN begin to return broader distributions (Figure 14) in 
response to the presence of a slower mode detected by MARLIN. As will 
become apparent in the next section, this slow mode is referred to as mode
B.
Multiexponential Analysis-High Concentrations 
High concentration data are obtained at vjiA>l. At this point, one 
can visually observe in the microscope of the light scattering device small, 
bright, slow-moving regions. These small, bright regions have also been 
observed by Russo et. al [13]. These correlation functions contain very slow 
decay modes requiring the use of the multi-tau feature of the correlator. 
Furthermore, at i//i/*>1, a downturn in osmotic susceptibilities is observed.
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Figure ISA represents a characteristic high concentration, large q correlation 
function for a 9.706*lCT2g/ml solution of 277,000 dalton PBLG measured at 
75°C and a scattering angle of 120° (qL=6). This correlation function is 
composed of three separate delay times (multitau option described earlier) 
such that the correlation function is measured from 8xl0'7s to 4*10‘3s. The 
leveling off of the correlation function at large r  in Figure 15C indicates 
the presence of an exceedingly slow mode, hereafter referred to as mode A. 
Table 4 gives a summary of various modes resolved in this work. Using 
the program MARLIN, the raw summed correlation function, G ^ r ) ,  is fit 
using a floating baseline and one to three exponentials. Depending upon 
the number of exponentials, MARLIN fits a baseline that is 15—30 statistical 
uncertainties larger than the theoretical baseline (see Appendix One). The 
leveling effect seen in Figure 15C largely disappears when the correlation 
function is plotted using the fitted baseline (see Figure 16). Additionally, 
the value of the decay rate of mode A varies strongly with the degree of 
baseline adjustment, the range over which the solution is sought, and the 
resolution parameter (Appendix One). Mode A appears only at elevated 
concentrations. However, it becomes stronger in amplitude at v/v*>l and, 
once manifested, appears throughout the angular range studied for all 
molecular weights. Mode A is often accompanied by a very rapid mode 
referred to as mode D. Mode D appears randomly throughout the angular
range. Mode D is only evident in some CONTIN solutions— it is never
observed in EXSAMP or MARLIN solutions. Based on this, it is entirely
possible that mode D is a CONTIN artifact [37].
Decay rate distributions from the data in Figure 15 are shown in 
Figure 17. Application of MARLIN or the Laplace inversion algorithms
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dramatically improves the fit to the data as evidenced by the reduction of 
X2 (Figure 15D). Each of these routines returns distributions which are in 
agreement. Comparable agreement is obtained for all succeeding decay rate 
distributions.
The slow and fast modes in Figure 17 (modes B and C respectively) 
are relatively unaffected by adjustments in baseline, range, or resolution 
parameters. Therefore, the decay rate distributions in Figure 17 are fitted 
with the theoretical baseline. Furthermore, for the sake of consistency, all 
correlation functions in this study that contained modes A or D were also 
fitted with the theoretical baseline. Keep and Pecora [4], who also resolved 
mode A, elected to fit it, then not discuss it.
Mode B in Figures 18A—D and 19A-D is evident only at the highest 
concentrations and primarily at large q. Type B modes that appear in 
Figures 18A—B and 19B-D are not resolved by CONTIN at low values of 
q; however, low q B modes are detected by MARLIN. Thus, all the data 
in Figures 18 and 19 are extracted at 120° scattering angle. Mode B is 
resolved by CONTIN throughout the range of q studied for the two most 
concentrated samples of the 277,000 dalton PBLG.
The major decay mode is mode C. For example, let us consider the 
5.703* 10‘2g/ml solution of the 277,000 dalton PBLG measured at 75°C. A 
plot of the decay rate of the largest peak versus q2 (Figure 20) yields a 
slope of 5.7xl0'7cm2/s which is 17% more than the diffusion obtained from 
third cumulants of 4.9*10'7cm2/s. The angular dependence of the decay 
rates from a three exponential fit to g ^ ( r )  is shown in Figure 20. The 
slope obtained from mode C is 6.6*10'7cm2/s which agrees with that 
obtained from third cumulants and CONTIN analysis. Mode B in Figure
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20 shows a  downturn past 60° scattering angle (q2=3.4*10locm'2) much like 
the large concentration cumulants analysis in Figure 6A. Mode B has an 
initial slope of 2.33*l0'7cm2/s which agrees with that for the mode B from 
CONTIN analysis (not shown) of 2.3(M0‘7cm2/s.
The B mode from the 60,000 dalton PBLG disappears upon increasing 
temperature from 15°C to 75°C (Figure 19D). The 179,000 dalton PBLG 
(Figure 19B) shows a decrease in the B decay rate amplitude upon raising 
temperature while the amplitudes from the 149,000 and 277,000 dalton 
PBLG's (Figures 19C and A respectively) are relatively unaffected. 
Furthermore, both the B and C decay rates increase with temperature; 
however, the B decay rate increases more slowly with temperature than the 
C component, which scales with solvent viscosity.
Depolarized Light Scattering
Static Measurements
Figure 21 is a plot of depolarized light scattering intensity versus 
concentration for the 60,000 dalton PBLG measured at 15°C and 75°C and 
a scattering angle of 90°. The depolarized intensity increases with 
concentration at both temperatures, although the intensity at 75°C is 
substantially less than that at 15°C. Experimentally, the onset of liquid 
crystalline formation is usually accompanied by a strong increase in 
depolarized scattering [38]; however, even the most concentrated samples in 
this study are still in the isotropic phase according to polarized optical 
microscopy and, given the low polydispersity of the polymers, it is unlikely 
that the increase in depolarized intensity can be attributed to the partial 
fractionation of larger rods into the anisotropic phase.
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Dynamic Measurements
Because the strength of the depolarized scattering above solvent for
these systems is weak, each point in Figure 22 requires 12 — 24 hours of
data acquisition. Data were obtained at scattering angles ranging from 30° 
to 135°. Data quality is acceptable but it is substantially poorer than 
typical QLS experiments (see insets). Therefore, all depolarized decay rates 
were obtained from one-exponential nonlinear fits allowing the baseline to 
float (Chapter One and Appendix One). Depolarized QLS measurements on 
the most concentrated PBLG samples reveal a decrease of depolarized decay 
rate, r Hv’ with q. At 15°C, the decay rate decreases by approximately a 
factor of four over the range of scattering angles studied for all molecular 
weights (Figures 22A—D). The 16 wt% 60,000 dalton PBLG was selected 
for depolarized study at 75°C. This particular sample showed the largest 
reduction of mode B amplitude as a function of temperature (Figure 19D). 
At 75°C (Figure 22E), Tjjv still decreased with angle; however, the 
reduction is not as severe as that at 15°C (Figure 22D). Here, the decay
rate at 135° is half that observed at 30°. Additionally, as a function
of angle was determined for a 1.871 xl0"2g/ml 179,000 dalton PBLG at 15°C 
and was found to increase with q2 (Figure 22F) as predicted by theory [36].
Discussion
Static Light Scattering
SDO calculated the static structure factor, g(q,0) (equation 3) for 
concentrated solutions of rodlike polymers accounting for the nematic 
interaction (i.e., the tendency of the polymers to orient themselves) [12a]. 
When g(q,0) is calculated to order q2, they find that the nematic
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interaction is negligible. To order q2, they arrive at the apparent 
correlation length
C  = [1+cLvol'‘ (l9>
where, for the worm like chain model [6],
and p is equal to the contour length, L, divided by the persistence length 
A. In the rigid rod limit, p « l ,  and substituting equation 20 into equation 
19 yields
e =  ---------- ^ ------- (21).
app 36(1+ cLvQ)
The parameter vQ is referred to as the excluded volume parameter and c 
(not to be confused with concentration, c) is the line segment density, i.e, 
c=vL and has units of length'2. The parameter vQ is not further defined 
in the first SDO paper (SDO I) [12a]. However, vQ is defined in a 
subsequent paper [12b] (SDO II) as vQ=  (r/2)d. Using this relation, and 
defining ^*=16/7rdL2 (equation 3.23, SDO II) it is possible to frame cLvQ in 
terms of the parameter v}v*\
cLvq =  8c/i/*L. (22)
79
Recalling that the number concentration v has units of length'3, then
cLvq= 8/ i/*L3
cLvq=  8 vfv* (23).
Thus equation 21 becomes
(L/6£)2 =  1+8 (ulv*) (24b).
The discussion centering around equations 20-24 are only to terms of
q2 so that proper account of the effects of the nematic potential is
incomplete. Nevertheless, SDO calculates £ directly from equation 21.
app
Figure 23 (reproduced directly from reference [12a]) is the result of this 
calculation. The curves in Figure 23 are for different values of L/A. If 
the persistence length is held constant, each curve corresponds to a different 
molecular weight. Once again it is possible to clarify the notation used 
here with respect to vfv*. SDO defines c efl= lM v0> thus, the abscissa in 
Figure 23 is
c/c^ =cXvo (25)'
multiplying the right side by L/L and recalling that cLvq=8i//v*
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c/cfefi= (A/L)(8v/ ^ )  (26).
Thus, c/c increases with the rodlike character of the polymer and with 
'  refl
concentration relative to v*. As c/c increases, £ (at constant A)
'  refl app
decreases as W 2 (take the square root of equation 21) or equivalently, 
c"1/ 2. It bears repeating that this prediction is a result of a theory valid 
only to q2 terms.
In order to gauge the effect of the nematic interaction on the 
structure factor, SDO determined the structure factor for terms of order q4:
g(q,0)=(l+q2^ + q 4^ f . . . )  (27)
where 3  is a term dependent on v(v* (Appendix B reference [12b]). They 
rewrite equation 27 as
g(q,0) = l+ (8 ^ )+ (l/3 6 )(q L )2
+(1/32,400) 7~ i Z $ £ f  (qL)4+... (28).
Equation 28 is equation 3.22 in SDO II which is just equation 5.8 [12a] of 
SDO I written in terms of v/u*. 3  (the q4 term in equation 28) changes
sign from positive to negative as the concentration is increased, i.e., as the 
nematic transition is approached. Additionally, the sign change is predicted 
to occur at i//i^=7/27fs0.26. The predicted structure factor is plotted as a 
function of q2 for values of v/v* =  c/c* ranging from 0.25 to 1.125 in 
Figure 24. Figure 24 is reproduced directly from reference [12a]. The use 
of c/c* in Figure 24 reflects the change in terminology adopted by SDO
81
during the progression of their three part series [12a-c] such that c/c* may 
be used interchangably with vjv* for this particular figure. For vjv*< 1, 
g(q,0) behaves as expected— the slope of the line from g(q,0) versus q2 
decreases with increasing v/v*. Stated another way, the apparent correlation 
length is predicted to decrease with increasing concentration (see, e.g.,
Figures 1 and 2). Additionally, at vfi/f=1, g(q,0) diverges. Furthermore, 
SDO predicts that at i//i/*>1, g(q,0) falls quickly then becomes negative in 
a certain range of q (dashed lines Figure 24). SDO suggests that the 
coupling between the local concentration and the nematic interaction, though 
small, results in the unphysical negative value for g(q,0) with q2.
Therefore, SDO notes, the isotropic phase is unstable at concentrations above 
i/*. Although the prediction at vjv*>\ is unphysical, a sudden, rapid 
decline in g(q,0) would correspond to a sudden increase in £ Based on
app
Figure 24, one may qualitatively amend Figure 23 to account for the
nematic interaction. Figure 25 shows that at low concentrations, where the
nematic interaction is weak, £ behaves in accordance with Figure 23. As
app
the concentration is increased, £ goes through a minimum, then becomes
app
infinitely large at vji/*= 1.
When comparing the experimental data to theory, perhaps it is best 
to begin with that which is directly measured by SLS— g(q,0).
Quantitatively, at v/v*<0.220, the data in Figure 26 are in excellent 
agreement with the predicted g(q,0) in the presence of the nematic 
interaction (calculated from equation 28). The agreement with the data at 
v/iA=0A54 is substantially poorer. The static structure factors are not 
calculated for vJi/*>\ as equation 28 is invalid at these concentrations. 
Qualitatively, the slopes of the lines decrease in the same manner outlined
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by SDO; however, a decreasing slope is evident up to a vjv* of 1.32. For 
vfv*> 1.32, g(q,0) rapidly declines with q2 then levels off. The leveling 
effect at high concentrations is not predicted to order q4, but may be 
nestled in higher order terms.
Figure 26 confirms the notion set forth in Figures 24 and 25, that, 
in the presence of the nematic interaction, £ decreases up to a certain
app
concentration, then suddenly increases. Figure 27 charts the dependence of
£ on v/v* for the three largest molecular weights. The general trend of 
app
the data is the same for all molecular weights although the sudden changes
in £ are less dramatic at lower molecular weights. While the nematic 
app
interaction is not accounted for in Figure 23, it is interesting to compare
Figure 27 to Figure 23. The persistence length of PBLG is required to do
this. Let us assume A=100nm [39,40]. If the molecular lengths are
calculated from the molecular weight data using an ce—helical pitch of
0.15nm and a geometric diameter of 1.6nm, the vjv* data in Figure 27
range from 0.05 < c/c < 17. Although a diameter of 1.9nm±0.42nm
was determined from the measured virial coefficients, the value of 1.6nm
was chosen as this value is consistent for a polymer of the aforementioned
^-helical pitch and a specific volume of 0.791 ml/g. Additionally, this
value is consistent with that used by other groups [13,14,21]. These
assumptions place the low concentration data (where the nematic potential is
small) in qualitative agreement with that in Figure 23. However, as the
concentration is increased, £ goes through a minimum and then begins to
app
rise as suggested by Figure 25.
Figure 28A tests the SDO prediction, based on equation 21, that f 
should scale as c'1^ 2. At concentrations of i//z/*<l, the double logarithmic
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plot does have a negative slope. However, depending uppon which data set 
one uses to determine a slope, the slope appears to be > —1/2. For 
random coil polymers, DeGennes [41] predicts £ to scale as c '3^ 4.app
Experimental data for random coils has reported £ to scale as c-0’72 [42] 
or c"1 [43]. Since the slope in Figure 28 is less negative than the predicted 
—1/2 it is unlikely that the discrepancy can be attributed to polymer 
flexibility.
It is informative to plot the correlation length according to equation 
24b. Equation 24b is equation 21 rewritten in terms of vjv* and 
manipulated to provide a more convenient scaling relationship than equation 
21. Figure 28B is a plot of the correlation length scaled by the polymer 
contour length, L, as a function of vjv*. Initially, the data varies linearly 
with a slope of 8 in accordance with equation 24b and SDO theory. At 
vjv* > 0.4 the data begin to scatter while the theory of SDO predicts that 
the data should continue to behave linearly as vjv* approaches unity. The 
scatter in the data at values of 0.4 < vjv* < 1 may be due to data 
imprecision. However, it is important to remember that equation 24b does 
not give a complete account of the nematic potential. While the large 
concentration data in Figure 28B is certainly noisy, the general trend is for 
the scaled correlation length to decrease above vjv* — 0.4. This suggests 
that nematic potential can no longer be ignored at these concentrations.
Figure 29 presents the dependence of the osmotic susceptibilities, 
scaled by temperature and molecular weight, on vjv*. The osmotic 
susceptibilities axe adequately described by a second virial term except at 
the largest concentrations. The upturn in f  seen Figures 27 and 28 is
app
entirely consistent with the deviations from classical Onsager theory in
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(0jr/flc)jp  (Figures 6A-D and 29). A striking example of this behavior is 
illustrated in Figure 3E for the two largest concentrations which correspond 
to vjv* of 1.53 and 2.17. These deviations seen in Figure 3E are at the
same vjv* as the upturn in £ and are similarly affected by molecular
app
weight and temperature: the deviations in both £ and (dir/dc)T  _ for the
app 1 »P
lower molecular weights begin at values closer to v(u*=l than the largest 
molecular weight and the magnitudes of the deviations are dependent upon 
temperature.
It is at the largest concentrations where the depolarized intensity is 
sharply increasing. Strong depolarized light scattering is often associated 
[4,38,44] with the onset of the nematic phase. Furthermore, the point at 
which the isotropic phase becomes unstable is temperature dependent [45],
An increase in temperature causes the system to move back toward the 
isotropic phase [38,45]. The temperature dependence of Kc/iH^ seen here
I
and in reference [44] is consistent with DuPre's [38] description of 
pretransitional ordering. This concept will be more fully developed in a 
subsequent section. At this point one may conject that some rod alignment 
has begun in response to the impending instability of the isotropic phase 
predicted by SDO for these concentrations. As the concentration is 
increased, the rods become closer together and the distance between them, 
defined as £ , decreases. At some point, the rods will begin to orient
app
themselves [15,30]. This orientation is most likely transient below the 
nematic phase; however, it becomes longer lived as the liquid crystalline 
boundary is approached. As the rods align, they are now too close together 
for static light scattering to distinguish intermolecular distances, i.e., the 
scattering centers of the rods are no longer independent thereby causing £ ^
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to decrease.
The differences between the £ and (dx/dc)T  _ dependencies on
app >P
concentration may be due to rod flexibility. In Figure 26, the 277,000 
dalton PBLG does not show a rapid decrease in its structure factor until 
i//p*>1.32. The structure factors for several points in between vju* of 0.454 
and 1.32 are not shown in Figure 26. The structure factors for these 
concentrations behave as expected. Comparable plots (not shown) were 
generated for the 149,000 and 179,000 molecular weight polymers. The 
behavior of the structure factors for these molecular weights are qualitatively 
similar to Figure 26. Although values of vjv* as large as 1.53 (where the 
first large deviation occurs in Figure 26) were not reached at these 
molecular weights, slight deviations in the structure factors were still 
observed. In Figures 27 and 28 the influence of the nematic potential is 
first recorded at values of t'/iA =0.9-l.l for the lower molecular weight 
polymers versus 1.3—1.5 for the 277,000 molecular weight PBLG. These 
deviations can also be seen in (dx/dc)^  p at the same values of vfv* in 
Figure 29. Apparently, the extra degree of freedom flex adds [26] allows 
the polymers to resist ordering such that the instability of the isotropic 
phase is delayed. Although the 60,000 dalton PBLG is the polymer with 
the least amount of flex of those polymers studied, deviations in (dn/dc)T1 ,P
are not observed. However, this is probably because the highest 
concentration is substantially farther from the Flory "A" point (see Table 1) 
than the highest concentrations from the larger molecular weight polymers. 
Also, the crowding for the 60,000 molecular weight PBLG at v* is only a 
third of that experienced by the 149,000 dalton polymer. This puts into 
question whether v* is strictly associated with the nematic transition.
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Certainly, it should not be viewed as the point where the nematic transition 
takes place.
The deviations in the osmotic susceptibility portend a change in the
system. They mirror the flattening of the chemical potential energy surface
(which depends on concentration and alignment) that must accompany the
phase transition. The trends seen in Figures 6A-D and 29 are essentially
opposite those reported by Nose and Chu [46] in their study of a random
coil polymer (179,000 dalton polystyrene in toluene) which cannot generate a
nematic phase. Here, (dw/dc)T  varies with concentration in general* )P
agreement with scaling theory for random coils [41], i.e., the transition from 
dilute to the semidilute regime is accompanied by an increase in slope from 
0 (at the theta point) to 5/4. Furthermore, defining the overlap 
concentration as the point where this change in slope is observed, Nose and 
Chu found that the overlap concentration decreases with increasing 
temperature. Thus, the osmotic susceptibilities of rodlike polymers behave
opposite to those of random coil polymers.
Quasielastic Light Scattering
The behavior of the high concentration T versus q2 plots in Figures 
7A-H and those reported by Russo et al. [13] is predicted by SDO theory 
(equation 11). As the concentration is increased, the sign of B(i>) is 
predicted to change from positive to negative. According to SDO the sign
change is only apparent in the limit of large qL. Thus, at high q, the low
concentration decay rates appear to deviate positively from linearity while 
the high concentration decay rates deviate negatively from linearity. This
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sign change occurs because; 1) the term containing v  and p* in equation 15 
increases with concentration while; 2) H/Dgej£ decreases due to the 
entanglement of polymer.
The mutual diffusion (the diffusion sensed by QLS) as a function of 
concentration has been previously explored for systems of rodlike polymers 
by a number of groups [4,13,21,22,34,36]. Zero and Pecora [36] observed a 
decrease in diffusion to 2/3 the infinite dilution value in the associogenic 
solvent dichloroethane (DCE). PBLG associates in an end-to-end fashion in 
DCE [47]. Thus, as remarked in reference [13], the reduction of Dmutuaj 
to 2/3 of its infinite dilution value "must be regarded as some function of 
the already complicated interaction, unknown thermodynamic contribution and 
possible aggregation." Jamieson and coworkers reported an initial increase in 
the diffusion of Xanthan with concentration followed by an eventual 
decrease. Kubota and Chu described this same phenomenon for a system of
90,000 dalton PBLG in DMF at 25°C. Russo et al. found the diffusion to 
increase with concentration for 179,000 and 300,000 dalton PBLG in DMF 
at 30°C. After these authors corrected for the effect of thermodynamic 
interaction, they found the diffusion to decrease to sO.lD0. Using a bimodal 
analysis technique, Statman and Chu [22] identified a slow decay mode in 
poly(butylisocyanate) (PBIC) with self diffusion as this mode decreased with 
concentration. However, the osmotic susceptibilities of the PBIC/CC14 
system decreased with increasing concentration suggesting that CC14 is a 
thermodynamically poor solvent.
In one of the more recent studies on the dynamics of rodlike 
polymers, Keep and Pecora [4] examined the behavior of a series of 
poly(n-alkyl isocyanates). Here, the authors were limited to concentrations
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of kL3<91 for systems dissolved in hexane. At larger concentrations, the 
solutions gelled or became impossible to filter. For poly(n-hexyl 
isocyanate), PHIC, dissolved in water-saturated hexane, solutions of i/L3<270 
remained filterable and were studied. Mulitmodal decay rate analysis from 
CONTIN or DISCRETE (a program similar to MARLIN) revealed anywhere 
from 1—3 modes depending upon concentration. The mode scaling with q2 
(mode C) was identified with the translational diffusion coefficient. A plot 
of the translational diffusion coefficient of PHIC as a function of 
concentration appears in Figure 30. For the 161nm PHIC, the data initially 
decrease (albeit noisily) then level off or increase with concentration. The 
smaller (83nm) PHIC shows an overall increase with concentration. The 
majority of the data reported by Keep and Pecora were obtained at 90° 
scattering angle (qL=2.2—4.2). Because the other modes resolved by Keep 
and Pecora are (in each case besides the smaller PHIC) faster than the 
translational mode, these authors found that when their data are fitted to 
one exponential, the apparent average diffusion coefficient, associated with 
those weaker modes, increased with concentration. Keep and Pecora refer to 
these modes that are faster than translational modes as "composite modes". 
Keep and Pecora contend, the increase in mutual diffusion seen by other 
groups [13,21,31] are due to "unresolved composite modes." However, Russo 
et al. resolved substantial slow modes (referred to here as mode B) with 
increasing concentration; so, if unresolved "composite modes" were indeed a 
problem, Russo and coworkers would have observed a decrease in diffusion.
In fact, when a slow mode (mode B) is resolved by Keep and Pecora for 
the small PHIC, they too observe an increase in the decay rate of the 
major mode (mode C). In the present case, the agreement between mode
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C from CONTIN and third cumulants is quite good suggesting that decay 
rates from cumulants analyses are little affected by modes other than mode
C.
In light of the theory by SDO, one wonders if those who reported a 
thermodynamically uncorrected decrease in diffusion are experimenting with a 
poor solvent. Solvent quality in rod-bearing systems is especially delicate. 
For example, Olayo and Miller [48] demonstrated that benzene, long thought 
to be a good solvent for PBIC, is, in fact, a poor solvent. According to 
equation 11, SDO predicts that Dmu u^a] will increase with concentration 
unless Dgelf severely decreases with concentration. This prediction is in 
agreement with the data in Figures 8A—D. Additionally, using equation 16, 
fmutual can ^  determined from the measured mutual diffusion and the 
osmotic susceptibility. Figure 31A-E represents fmutuai/r?°L as a function 
of v/v*. The data for the highest molecular weights more-or-less collapse 
to a broad curve (Figure 31 A), while the 60,000 dalton PBLG data lies 
slightly above the curve. The larger corrected fmutuai values may be due 
to two reasons. One possibility is that finite thickness effects become more 
important as the axial ratio of the 60,000 dalton rods (20.5 assuming a 
hydrodynamic diameter of 2nm [13]) are smaller which emphasizes the 
importance of end-on collisions [2]. The other possibility may be that the 
smaller amount of rod flex results in greater contact with neighboring rods 
as rods with greater flex could avoid these contacts by bending out of the 
way of its neighbors.
At all molecular weights and temperatures, fmutuai/r;0L shows an 
initial rapid increase with concentration followed by a change to a smaller 
slope at higher vjv*. The change in slope in fmutuai versus vfu* in Figure
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31 is consistent with the decrease in kf observed by Russo et al. [13] at 
high concentrations where
Wtual=f°(1+kf<:+- )
and f° is the zero concentration friction coefficient. Although the data are 
scaled to v* for consistency, the same trend is retained if the abscissa in 
Figure 31 is concentration. Furthermore, for samples of large concentration, 
^mutual ’s increasing or just beginning to level off while (dir/dc)rp p is
decreasing. Thus, the slight downturn in Dmutu£j  observed at high
concentration (Figures 8A—D) and the serious downturns observed by 
references [21 and 31] is controlled by a decrease in (dir/dc)T  — not an1 ,p
increase in fmutuaj- In the case of reference [21], which also studied the 
PBLG/DMF system, one might also speculate that such a large downturn in 
Dmutual *** reported concentrations might be due in part to water
contamination of solvent.
Upon close inspection of Figures 8A—D, a slight negative concentration 
dependence in Dmu .^uaj at low concentration can be seen for some molecular 
weights and temperatures. As previously noted, this negative concentration 
dependence is at times within experimental error. However, examination of 
Figure 10 reference [13] reveals a similar trend for one molecular weight.
One may speculate that Imutuaj is increasing more rapidly than (dir/dc)j 
in the low concentration regime resulting in the small initial decline in
Dmutual concentrati°n seen in Figures 8A-D.
By combining the measurements obtained from both SLS and QLS,
♦ * 
the quasi-self diffusivity, D (equation 16) is obtained. D is not a true
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self diffusivity as it is determined by kT/ fmutuai ^  not kT/ fSelf' 0ne
may recall that fmutuaj  the opposing friction coefficient per polymer,
appropriate to the diffusion of polymers en masse, as in response to a
*
concentration gradient. Thus, D represents the diffusion obtained after
correction for the thermodynamic driving force of the mutual diffusion
*
registered by QLS. D is divided by the extrapolated zero concentration
diffusion (from Figures 8A—D), D°, and plotted as a function of vjv* in
Figure 32. One may convert v/v* to g/ml with the aid of Table 1. The
data all collapse to a single master curve and show no dependence upon
molecular weight or temperature. Based on these data it may now be
possible to predict the behavior of the thermodynamically corrected diffusion.
♦
The striking behavior of D with vjv* agrees with the Brownian 
dynamics simulations of Bitsanis et. al [9] who predict a smooth decrease in 
DSe|f to values lower than the DE expectation of D°/2 (equation 1). The 
Evans-Edwards scaling approach used in Figure 33 supports computer 
simulations that suggest that it is substantially more difficult to entangle 
rodlike polymers than originally thought [3,8-11]. The limiting slope of the 
line in the large concentration regime for a plot of D /D° versus (wiL2)3^ 2 
(equation 2) yields a value of g=0.02, which is 50 times smaller than 
predicted. This value of g is in excellent agreement with that of reference 
[49], but not with the findings of Statman and Chu [22]. Additionally, the 
intercept in Figure 33 is approximately 30% smaller than the expected value 
of 1/2. One may frame this latter result in terms of the dynamic cage 
predictions of Keep and Pecora [4], who calculated that local ordering should 
begin at m!L2<2.26. Close examination of Figure 33 reveals that a 
substantial leveling occurs between (i*1L2)3/ 2=2.5-4 which corresponds to
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ndL2=1.8-2.5. As the EE result is based upon the rods remaining 
randomly oriented, one may speculate that anisotropic ordering suggested by 
Keep and Pecora [4] may inhibit the strong entanglement effect envisaged 
by EE. Furthermore, the mobility reduction below D°/2 is likely due to 
the randomizing effects the solvent has on the rods as noted by reference 
[9].
Further evidence for pre-nematic phase ordering may reside in the 
slow modes (mode B) found in the high concentration QLS data obtained in 
this study and others [4,13,21,22]. SDO [12c] predicts that the dynamical 
structure factor should show double exponential behavior arising from 
fluctuations in concentration and alignment, including hard rod interactions 
which ultimately lead to the formation of the nematic phase. When 
vjt/*« 1 ,  the decay rates of both modes are expected to be of the same 
magnitude such that the bimodal behavior is unobservable. However, as 
v/v* approaches unity, the presence of a slow mode is predicted to become 
clear and, as the concentration is increased, the slow mode is expected to 
become slower and the fast mode to become faster. The former prediction 
is evident in Figure 34 where the slow mode is seen to arise at increased 
concentrations. The latter expectation agrees with the data in Figure 18. 
While the bandwidths from the Laplace inversion analyses overlap, the 
center of the peaks shift in a manner consistent with SDO theory. Thus, 
as the nematic transition is approached, a slow mode, which SDO partly 
associates with an orientational order parameter, becomes evident and follows 
the concentration dependence suggested by them.
These nonexponential correlation functions can be closely reproduced 
through the use of Maeda's computer program [14]. By varying parameters
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such as the diffusivities parallel and perpendicular to the rod axis and the 
rotational diffusion, one may compare the experimental data to the 
theoretical form predicted by Maeda's matrix reformulation of SDO's theory 
[12b]. Figure 35 is a comparison between the correlation function obtained 
from a concentrated solution (u/1/*=0.96) of a 277,000 dalton PBLG 
measured at qL=6 and an acquisition time of 1.2/is and simulated data from 
Maeda's algorithm. The initial decay can be closely approximated using two 
different sets of parameters. Setting D( ( =3.1*10‘7cm2/s in both cases, one 
may obtain nearly the same initial decay by allowing D±=8.4*10'9cm2/s and 
S=25s“1 in one simulation and D±=4.4*10'9cm2/s and E=135s‘1 in another. 
The slow tail observed in the experimental data is not very well matched 
by either parameter set; however, by using D( ( =3.1xl0_7cm2/s, 
DjL=4.4xl0'9cm2/s, and E=35s_1, it is possible to emulate the tail of the 
correlation function while missing the initial decay by less than 5%. Each 
of these diffusivity values were arrived at by iterating until a close match 
was obtained between simulation and data. While it is very difficult to 
quantify exactly the various diffusivities, it is possible to get a very good 
qualitative picture of how large concentration affects rodlike polymer 
dynamics. Based on the results in Figure 35, it would appear that D± is 
severely affected at high concentration but not equal to 0 as suggested by 
references [1-5]. A finite value of is in agreement with the current
theory of Teraoka and Hayakawa [7]. Furthermore, even the smallest 
rotational diffusion used here is much larger than the DE scaling prediction 
of E=E°(z/L3)-2, where E° is the zero concentration rotational diffusion 
determined from Broersma's relations [33]. This is in keeping with the 
experimental data of references [21,36,50] and most recently with the
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Brownian dynamics simulations of Bitsanis et. al [9] who also found E to 
be substantially larger than the DE expectation. Additionally, D ,, is about 
30% larger than the infinite dilution value of D|°| =2.2*10'7cm2/s where, 
from Broesma's relations [33]:
D,°, =  (kT /2 tr ,L )(S -^  , ) (30).
D| i obtained from Maeda's algorithm is a mutual parallel diffusivity subject 
to a thermodynamic driving force; therefore, it should be larger than the 
infinite dilution value. It is also about 20% larger than the third 
cumulants value of Dmutuaj=2.5xl0"7cm2/s because the third cumulants 
returns a diffusivity that is not just D( ( .
The appearance of mode A is not predicted by SDO theory nor
simulated by the matrix reformulation of Maeda although these modes have 
been reported by a number of groups [4,13,21,22]. Mode A only appears at 
the largest concentrations as the nematic transition is approached and does 
appear to become slower as the concentration is increased (see Figure 18). 
Furthermore, mode A becomes stronger with increasing concentration. One 
may speculate that mode A is made up of ordered regions of polymers that 
are much longer lived than those in mode B. Additional support for this
comes in the form of the depolarized scattering.
Depolarized Light Scattering
Figures 22A-E found their genesis in an attempt to produce the 
largest body of depolarized QLS data to date on rotational diffusivities of
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concentrated solutions of rodlike polymers. Ideally, one may obtain E from 
the intercept of a "normal" plot of Tjjv versus q2 as r Hv=6“ +q2^mutuar 
Here, due to the almost exponential appearance of the data in Figures 
22A—E, this approach is not possible. Furthermore, because Tjjv in these 
experiments was found to be smaller than Q2Dmutuap E could not be 
determined by simply measuring r Hv at one angle then subtracting by
q ^mutual'
The unusual depolarized QLS behavior in Figures 22A—E is not 
predicted by the calculations of reference [34] for concentrated rods in the 
absence of thermodynamic interactions. Neither Kubota and Chu [21] nor 
Zero and Pecora [34] reported an odd decrease in r Hv with q2, although it 
is unclear whether the depolarized experiments in these studies were 
conducted at several angles.
Keep and Pecora [4] observed unusual depolarized QLS behavior 
similar to that in Figures 22A-E at the only angle studied for their 
"small" PHIC. Here, the authors found that the depolarized correlation 
function is dominated by modes slower than those resolved by polarized 
QLS. Keep and Pecora [4] attributed this behavior to "regions of high 
orientational correlation" indicating that the system is near the nematic 
phase.
It is enlightening to frame the peculiar behavior of the high
concentration Tjjv versus q2 plots (Figures 22A—E) in terms of other data
gathered on the most concentrated solutions. The unusual effect manifests
itself at or just slightly below the point where: 1) £ is beginning to
increase; 2) (07r/dc)T _ is leveling off or decreases; 3) mode B and/or A 
* )P
becomes apparent in polarized QLS; 4) the depolarized intensity is
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increasing. The dependence of depolarized intensity with concentration and 
temperature is consistent with references [4,44] and is considered a hallmark 
of intermolecular orientation [38]. Particularly intriguing is that the 
disappearance of the slow mode at 75°C for the most concentrated 60,000 
dalton PBLG solution (Figure 19D) corresponds to a marked decrease in 
depolarized intensity.
These observations are in agreement with the concept of 
"pretransitional ordering" [38]. Solutions in the pretransitional state exist 
below the Flory A point [30] and show isotropic behavior when viewed
i
between cross polars. DuPre [38] demonstrated pretransitional effects when 
they studied the enantiomer of PBLG at concentrations below the nematic 
transition via optical rotary dispersion. By moving farther into the isotropic
i
region by increasing temperature, DuPre found that the specific rotation 
decreased from values indicative of liquid crystalline behavior to dilute 
solution values.
The notion of pretransitional ordering and the SDO prediction of a 
slow mode arising partly out of fluctuations involving orientation suggest 
that the development of order is gradual up to the nematic phase. 
Additionally, one might speculate that there exist transient ordered regions 
that become increasingly long-lived as the liquid crystalline boundary is 
approached. These observations may explain the behavior of the versus 
q2 plots. If long-lived transient ordered regions exist in solution at the 
highest PBLG concentrations studied, they might be expected to dominate 
the depolarized QLS spectrum. Furthermore, these transient regions would 
scatter more light at the lowest angles than the randomly oriented rods 
surrounding them; conversely as the angle is increased, light scattered from
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the ordered regions becomes less intense. As a point of interest, Onsager 
predicted 40 years ago that the nematic phase in a liquid crystalline polymer 
solution should scatter more light at small angles [15]. One may envisage a 
situation then in which the rotational mode from these transient regions 
greatly influences the depolarized QLS data at low angles. The low angle 
decay rate is faster because the ordered rods rotate in unison sweeping away 
single rods that may lie in their path. The high angle decay rate is more 
sensitive to the rotational motion of single rods which are greatly hindered, 
thus causing the decay rate to decline from its low angle value. For the
60,000 molecular weight PBLG, as one moves farther into the isotropic 
phase by increasing temperature, the dependence of T ^v on q2 becomes less 
negative and the depolarized intensity decreases. Although mode B 
disappears in this case upon increasing temperature (and decreases somewhat 
in the others), substantial depolarized intensity above solvent still exists 
indicating the weakened presence of ordering. Based on these data, as one 
moves toward instability in the isotropic phase, the predictions of SDO 
involving the growing strength of fluctuations of concentration and 
orientation with increased concentration seem correct. One may also apply 
the SDO prediction to the large concentration temperature dependence of 
(07r/dc)T . The osmotic susceptibilities can no longer be described by a1 ,p
second virial series where the isotropic phase becomes unstable as it is 
unfavorable for the rods to remain disordered. However, if the system is 
moved away from the nematic transition, isotropic behavior is restored 
(Figure 6).
Conclusion and Future Direction
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The recent SDO theories compare most favorably in a qualitative
sense to the experimental data presented herein. The most important points
of agreement are: 1) the behavior of the static structure factor is
qualitatively described by equation 28 for v/v*<l and quantitatively
described for i//i/*<0.220; 2) the effect of the nematic interaction begins to
dominate the static structure factor resulting in an increase in f  ; 3) £
app app
does decrease with c but does not quite scale as c"1' 2; 4) B(i/) (equation 
15) decreases with concentration apparently changing sign from positive to 
negative; 5) Dmutuaj increases with concentration; 6) bimodal decays are 
observed at the largest concentrations with the slow mode becoming slower 
and the fast mode becoming faster with increasing concentration. On this 
last point, the idea that the slow mode arises partly out of orientational 
fluctuations in conjunction with the notion of pretransitional ordering may 
assist in explaining such phenomena as the deviations in (5tt/5 c)t  and the1 )P
behavior of r ^ v as a function of q2.
Perhaps the most important contribution made by this work is the 
behavior of the quasi-self diffusivity as a function of vjiA. If a tracer 
diffusion method (i.e., a method which measures Dgejf directly) such as 
fluorescence photobleaching recovery (FPR) is found to be in good agreement 
[49], then translational diffusion in isotropic solutions of rodlike polymers 
will have been characterized well enough to permit reliable predictions.
Future planned research will make use of the light scattering samples 
in order to address the changes in the frictional resistance of the solvent by 
measuring solvent mobility via pulse field gradient NMR (PFGNMR) [51]. 
Measurements of the true self-diffusivity from FPR corrected by the solvent 
mobility from PFGNMR will, for the first time, make it truly appropriate
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to make comparisons with mechanistic theories which ignore solvent effects. 
Additional future work might include examining the viscosities of the largest 
concentrations used here. Previous reports [52,53] have shown the viscosities 
of PBLG to go through a sharp maximum as the liquid crystalline boundry 
is approached, then decline. The limit of this maximum has been recently 
calculated theoretically [54]; however, it does not appear that this maximum 
has ever been reached experimentally. It would be interesting to see if any 
of the light scattering samples would exhibit this maximum, particularly 
those samples where modes A and/or B are just becoming apparent.
Regardless of the direction taken by future research, close attention 
must be paid to the presence of water in the PBLG/DMF system. Even 
brief exposure to the atmosphere can induce aggregation in the PBLG/DMF 
system. Extraordinary care was taken in the present work to avoid 
contamination of the samples with water. This care paid off in that the 
data from the various molecular weights are consistent.
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Table 1
ufu*=l Conversion Values for Each Molecular Weight 
and Comparison to Flory A Point
M/103 vdl? 1/L3 c/gml‘l Flory A Point
@i//v*=l @i//r*=l @z//i/*=1 c/gml'1
277 6.6 624 0.0425 0.105
179 5.9 359 0.0573 0.160
149 5.5 280 0.0655 0.190
60 4.1 85 0.122 0.444
The determination of M is described in Table 3. The Flory A point [30] 
was calculated as $2= (8/x)(l—2/x) where x is the axial ratio. The volume 
fraction (j  ^ was converted to concentration using the specific volume of 
PBLG of 0.791ml/g. The length was determined by the method outlined in 
the text. The critical concentration, 1/*, was calculated as 4/Ag where Ag 
is obtained from the average Ag over all temperatures studied for a given 
molecular weight. The diameter used was 2nm.
TABLE 2
dn/dc from 260,000 dalton PBLG/DMF at 25°C 
A0 dn/dc
632.8nm 0.118*0.004
514.5nm 0.124*0.003
589nm 0.124*0.002
488nm 0.127*0.002
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TABLE 3
*
Molecular Weights , Virial Coefficients and Radii of Gyration
A2/10'4cm3molg-2
T \M 277,000 179,000 149,000 60,000
±15,000 ±3000 ±9000 ±6000
5°C 3.52
15°C 4.14 3.94 5.36
20°C 4.43
25°C 5.46
30°C 3.35
40°C 3.86 3.35 5.38
75°C 3.45 3.80 4.77 5.70
Avg.= 3.40±0.10 4.28±0.66 4.02±0.71 5.48±0.19
Global (Total) Average=4.35±0.83
* Molecular weights are obtained as an average from the molecular weights 
determined at each temperature.
R /lO^cm
O
Rg exp 5.64±0.56 3.77±0.36 3.10±0.05 1.51±0.24
Rgcal 5‘48 3,54 2,95 L19
exp=experimental; cal=calculated [28]
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Table 4
Modes Resolved by QLS in the Intermediate 
and High Concentration Regimes 
Mode Meaning Occurrence a Scaling Significance
A V. Slow V. High c.
(t//i^>0.7 at all q)
B Slow
Fast
M.—>V. High c. 
0.2 at high q)
Always 
(all i//1/* and all q)
D V. Fast Random
V.=Very; c.=Concentration; M.=Medium
Ordered Regions?
SDO Prediction 
(see text)
^mutual
CONTIN Artifact
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Figure 1. Behavior of Kc/Dt^ as a function of q2 for a rodlike polymer.
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Figure 2. The effect of concentration on the correlation length, £.
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Figure 3A—D. Characteristic Zimin plots of four different molecular weights 
of PBLG measured at A0 =  514.5nm. Filled points are extrapolations to 
zero angle and concentration.
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Figure 3A: 277,000 dalton PBLG at 30°C. Correlation coefficients for zero
angle and concentration are 0.999 and 0.996 respectively. The angles used 
were 30, 35, 45, 60, 90 and 120 degrees. The concentrations were 0.00359, 
0.00494, 0.00748 and 0.00947 g/ml.

I l l
Figure 3B: 179,000 dalton PBLG at 40°C. Correlation coefficients for
angle and concentration are 0.999 and 0.982. The angles used were 30 
45, 60, 90 and 120 degrees. The concentrations were 0.00145, 0.00234,
0.00573 and 0.00741 g/ml.
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Figure 3C: 149,000 dalton PBLG at 40°C. Correlation coefficients for zero
angle and concentration are 0.976 and 0.966 respectively. The angles used 
were 30, 35, 45, 60, 90 and 120 degrees. The concentrations were 0.00108, 
0.00222, 0.00300 and 0.00427 g/ml.
o Kc/f, i
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Figure 3D: 60,000 dalton PBLG at 40°C. Correlation coefficients for zero
angle and concentration are 0.939 and 0.949 respectively. The angles used 
were 30, 35, 45, 60, 90 and 120 degrees. The concentrations were 0.00116, 
0.00228, 0.00338, 0.00474 and 0.00561 g/ml.
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Figure 3E—H: Kc/91^ versus q2 plot for laxge concentrations of PBLG.
Figure 3E: 277,000 dalton PBLG at 30°C.
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Figure 3F: 179,000 dalton PBLG at 40 °C.
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Figure 3G: 149,000 dalton PBLG at 40 °C.
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Figure 3H: 60,000 dalton PBLG at 40 ®C.
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Figure 4: Virial coefficients as a function of temperature for each molecular 
weight of PBLG. Data is taken from Zimm plots. Error bars are derived 
from run-to—run consistency in the intensities.
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Figure 5: Schematic phase diagrams for random coil and rodlike polymers.
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Figure 6. (dwfdc)^ as a function of concentration for all molecular 
weights and temperatures. Note the effect of temperature on those points 
that deviate from linearity
Figure 6A: 277,000 dalton PBLG.
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Figure 6B: 179,000 dalton PBLG.
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Figure 6C: 149,000 dalton PBLG.
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Figure 6D: 60,000 dalton PBLG.
138
Ec
in•
in
It
£
3
m
CL
c
o-M
o
~o
o
o
o
o “
CO
o o om o m
O O O
o o o
o o o«k ik »
O O O  
CO coco
o
rN«
_ o
CO 
'■%—
o
r
o
“T "
O
CO
T T T T x T
o  o  o  o  
in m- . m  cm
*_s,wos0l/ d,1(op/.iip)
■ 2 1
r t .O i
O
00
■o
L o
M-
-O
LO
o o
139
Figure 7. T versus q2 plots from third cumulants analysis (3CUMU) for 
the smallest and largest concentrations of each molecular weight measured at 
the lowest and highest temperatures. Dashed lines are extrapolations.
Error bars are smaller than the data points.
Figure 7A: 277,000 dalton PBLG AT 30 °C.
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Figure 7B: 277,000 dalton PBLG AT 75 °C.
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Figure 7C: 179,000 dalton PBLG AT 15 <>C.
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Figure 7D: 179,000 dalton PBLG AT 75 <>C.
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Figure 7E: 149,000 dalton PBLG AT 15 °C.
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Figure 7F: 149,000 dalton PBLG AT 75 °C.
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Figure 7G: 60,000 dalton PBLG AT 15 °C.
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Figure 7H: 60,000 dalton PBLG AT 75 °C.
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Figure 8. ^ mutual 3:5 a u^nct'on concentration for each molecular weight 
at all measured temperatures. Where no error bars are shown, data points 
are larger than the errors.
Figure 8A: 277,000 dalton PBLG.
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Figure 8D: 60,000 dalton PBLG.
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Figure 9. Correlation function obtained on a 1.603 x 10'3 g/ml
(y/i/*=0.016) solution of 149,000 dalton PBLG measured at 40°C and a
scattering angle of 45° {qL = 1.4). Panel A: G ^ ( r ) ,  showing baseline
and large coherent signal above baseline. Panel B: normalized first and
second order correlation functions. Panel C: semilog representation. Panel
D: error plots for various fits. The abscissa is the same as panel B.
The height of each bar represents the uncertainty in |g ^ ( r ) |2 while the 
center of each bar is plotted to show the difference |g ^ ( r ) |2 — |g ^ ( r ) |2flt 
where g ^ ( r )  is calculated using the theoretical baseline, B .^ The 
cumulants fits used baseline B  ^ =  P (P -0 )/N  where P is the total number 
of photopulses (typically 108), 0  is the number of shift register overflows 
(usually 0), and N is the acquisition time divided by the channel time
(typically 108). All other fits used a theoretical baseline.
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Figure 10. Correlation function obtained on the same sample in Figure 9 
measured at a scattering angle of 135°. Panel representation is the same as 
in Figure 9. All fits used a theoretical baseline.
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Figure 11. Laplace inversion of the data in Figure 9 represented as A(r) 
versus T. Top plot: EXSAMP. Bottom plot: CONTIN. Heavy vertical
lines are from MARLIN. Arrow is from third cumulants. For all Laplace 
inversion analyses, where no error bars are shown, errors are smaller than 
the data points.
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Figure 12. Laplace inversion of the data in Figure 10. Top plot: 
EXSAMP. Bottom plot: CONTIN. Heavy vertical lines are from 
MARLIN. Arrow is from third cumulants.
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Figure 13. Correlation function obtained on a 1.870 x 10'2 g/ml
(yjv* =  0.32) solution of a 179,000 dalton PBLG measured at 40 °C and a
scattering angle of 90° (qL =  3.7). Panels are the same as in Figure 9.
All fits used a theoretical baseline.
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Figure 14. Laplace inversion of the data in Figure 13. Top plot: 
EXSAMP. Bottom plot: CONTIN. Heavy vertical lines are from a two 
exponential fit to g ^ ( r )  from MARLIN. Arrow is from third cumulants.
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Figure 15. Correlation function obtained on a 9.706 x 10'2 g/ml solution of 
a 277,000 dalton PBLG measured at 75 °C and a scattering angle of 120° 
(qL =  6). Panels are the same as in Figure 9. All fits used a theoretical 
baseline.
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Figure 16. Same as Figure 15 only a fitted baseline obtained from 
MARLIN is used. The fitted baseline, Bf, is =  Bt + 15B^ where 
is the baseline uncertainty, -JBt>
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Figure 17. Laplace inversion of the data in Figure 15. Top plot:
CONTIN. Bottom plot: EXSAMP. Heavy vertical lines are from
MARLIN three exponential fit to g ^ ( r ) .  Arrow is from third cumulants. 
The various modes are labelled as A, B, C, and D. These are explained in 
Table 4.
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Figure 18. Stack plot of decay rate distributions for various concentrations 
of a 277,000 dalton PBLG measured at 75°C and a scattering angle of 120°, 
All fits except "A" are from the chosen CONTIN solution. The eighth 
CONTIN solution was chosen for "A" because more detail is shown. The 
CONTIN-8 and chosen CONTIN for this particular fit had nearly identical 
values for y2. Arrows are from third cumulants.
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Figure 19. Comparisons of the decay rate distributions for large 
concentrations of all molecular weights measured at the lowest and highest 
temperatures. All distributions are from chosen CONTIN. Arrows are from 
third cumulants. Note the disappearance of mode B with temperature for 
the 60,000 dalton PBLG.
Figure 19A: 5.703 x 10'2 g/ml 277,000 dalton PBLG.
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Figure 19B: 7.362 x 10’2 g/ml 179,000 dalton PBLG.
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Figure 19C: 6.809 x 10*2 g/ml 149,000 dalton PBLG.
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Figure 19D: 1.644 x 10'1 g/ml 60,000 dalton PBLG.
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Figure 20. T versus q2 obtained from MARLIN, CONTIN, and third 
cumulants.
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Figure 21. Depolarized intensities as a function of concentration for two 
different temperatures.
12
o
35
10 -
DEPOLARIZED LIGHT SCATTERING INTENSITY
60,000 dalton PBLG
60.000 75C
60.000 15C
Concentration/gml'
0.20
198
Figure 22. Depolarized QLS data: Tjjv as a function of q2 for various
concentrations of PBLG. Errors are estimated from MARLIN. Insets are 
typical correlation functions.
Figure 22A: 0.05703g/ml 277,000 dalton PBLG at 15°C.
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Figure 22B: 0.07362g/ml 179,000 dalton PBLG at 15°C.
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Figure 22C: 0.06809g/ml 149,000 dalton PBLG at 15<>C.
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Figure 22D: 0.1644g/ml 60,000 dalton PBLG at 15°C.
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Figure 22E: 0.1644g/ml 60,000 dalton PBLG at 75°C.
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Figure 22F: 0.01871g/ml 179,000 dalton PBLG at 15°C.
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Figure 23. Concentration dependence of the apparent correlation length £ of 
stiff polymers: A; persistence length, c; line density of segment, c =
1/Av0. Curves are for different values of p — L/A which are equal to 103, 
102, 10, 1, 10*1, 10'2, respectively, from top to bottom. Notice that if A 
and v0 are constant, c and p correspond to the concentration and the 
molecular weight, respectively. Reproduced, with permission, from Figure 1 
of reference [12a].
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Figure 24. The structure factor g(q) of the solution of rigid rod-like 
polymers is plotted against K2=(qL/2)2 for various concentrations. 
Reproduced, with permission, from Figure 3 reference [12a].
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Figure 25. Figure 23 qualitatively redrawn at one molecular weight to 
account for the nematic interaction.
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Figure 26. Static structure factors for 277,000 dalton PBLG measured at 
30°C over a vfu* range of 0.083 to 2.17. The lines are obtained from the 
SDO expectation in equation 27. The dashed lines are from dilute solution 
theory. The zero concentration extrapolated values from a Zimm plot fall 
along the dashed curve.
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Figure 27: f app versus vjv* for all samples of PBLG.
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Figure 28. SDO predictions for the behavior of the correlation length.
222
Figure 28A. The apparent correlation length as a function of concentration 
plotted on a log-log scale. The slope of -1 /2  is an SDO prediction 
(equation 21).
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Figure 28B. Scaled correlation length as a function of v/iA The line 
drawn through the points is a line with a slope of 8 and an intercept of 1 
which is an SDO prediction (equation 24b).
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Figure 29. Scaled osmotic susceptibilities plotted as a function of vjv*.
Most of the data points lie along the same straight line, however, deviations 
exist at high concentration. Note that the severity of the deviations are 
temperature dependent.
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Figure 30. Diffusion data reported by Keep and Pecora [4] as a function of 
concentration.
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Figure 31. The corrected mutual friction coefficient plotted versus vjv*. 
Note how the data appear to change slope at approximately vfv*s&.2 
seemingly justifying the demarcation made earlier between low and 
intermediate concentrations.
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Figure 31A: Data from all molecular weights and temperatures.
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Figure 31B: 277,000 dalton PBLG.
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Figure 31C: 179,000 dalton PBLG.
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Figure 31D: 149,000 dalton PBLG.
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Figure 31E: 60,000 dalton PBLG.
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Figure 32. Master curve of the thermodynamically corrected diffusion, D 
(equation 16), divided by D° and plotted as a function of v/v*. The data 
scale independently of molecular weight and temperature.
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Figure 33. Evans—Edwards type plot for all molecular weights and 
temperatures. The slope at larger concentrations is approximately 0.02 
which is 50 times less than predicted.
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Figure 34. The behavior of the mode B amplitude with
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Figure 35. Comparison of actual data to correlation functions obtained from 
Maeda's reformulation [14] of SDO theory. The data is for every eighth 
data point in the correlation function. Heavy lines are drawn through 
calculated points.
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APPENDIX ONE 
DETAILED SOFTWARE DESCRIPTION
253
254
Program LFIBUS supervises the gathering of 5-30 "short" runs 
(typical baseline: 106-  107), which are optionally grouped by intensity. 
High-intensity runs, representing one or more "dust" events, can be rejected 
before output of the .DAT file, which contains all the retained short runs, 
plus ancillary information about the experiment, such as date, time, title, 
etc. (file type will be indicated by the three-letter extender and a leading 
period; ordinarily, a descriptive name precedes the extender). With program 
SIMDATA, which simulates all operations of the 272-channel Langley-Ford 
Instruments Model 1096 correlator, the user may simulate any reasonable 
decay rate profile, beginning at the "raw" data stage. SIMDATA randomly 
adds noise of up to ± 2<Tq (2), where <Tq (2) = t0 eactl data
channel. Thus, the quality of simulated data varies according to the 
specified simulated baseline and coherence parameter, f. The .SIM output 
file of SIMDATA is functionally identical to a .DAT file. We are 
sometimes asked why we collect "just" 30 runs, and analyze them for 
intensity after the fact. It would certainly be possible to collect even 
thousands of very short functions, analyzing each for intensity, keeping only 
those which are within some preset range. However, the acquisition time 
required for accurate intensity determination when an optical train measuring 
a small number of coherence areas is in use does not fundamentally differ 
from that required to generate a fully analyzable correlation function.
Hence, our strategy is to collect a relatively small number of correlation 
functions, and analyze each one more thoroughly than just a simple 
intensity determination. There is no substitute for, at least, reasonably 
clean samples.
Program CORAN reads the .DAT files and performs 2nd cumulants
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analysis on each short run. This step, which only requires a few seconds, 
is performed because the intensity itself is an insufficient indicator of the 
data quality. Each short run is tested for abnormally slow decay times, 
high x2y correlated residuals (including which channels they occur in), 
unusual coherence parameter f, etc. Also, a comparison is made between 
the average signal in the delay channels, Ba, and the theoretical baseline 
[4], Bt =  P*(P-0)/N , where P is the total number of pulses received 
during the short run, 0  is the number of shift register overflows (typically 
zero) and N the number of sample times. The surviving runs are summed 
and reanalyzed by 1st, 2nd and 3rd cumulants, using the summed Bt. The 
ouput of CORAN is a .FIT file containing the summed correlation function, 
a normalized correlation function (g^  ' ( 7-)) , and the fit from lst-3rd 
cumulant fits, again in normalized form, plus the ancillary information from 
the .DAT file, and the history of attempted fit procedures. The .FIT file 
serves as input to all other fitting/plotting algorithms. As subsequent fits 
are attempted, the .FIT file is simply updated. All programs are allocated 
sufficient dimension space for 7 fits on one file; if more than this is 
required, a second .FIT file can be generated or certain very poor fits (e.g., 
1st cumulants) can be deleted.
After CORAN, .FIT files are passed to the program GPLOT, which 
produces a hardcopy output like that shown in Figure 4 of the main text 
of Chpater One (of course, only the residuals from cumulants analysis are 
shown at this point). The faster, but less detailed, screen-plotting program 
FASPLOT may be used instead. If the semilog plot shows essentially no 
curvature, there is little point in more detailed analysis. The tail of the 
semi-log plot tells a lot about the data quality. Ideally, the data "fan
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out" smoothly at large sample times, with random data points going off
towards -oo, in which case they are plotted near the top of the frame.
Number fluctuations, laser intensity drift, or dust can result in less desirable
tails. For example, a number fluctuation problem or baseline error results
in a smoothly decaying correlation function which abruptly levels out. We
generally do not proceed with MARLIN, EXSAMP, or CONTIN unless the
—7normalized second-order correlation function decays smoothly to about e
Q
or e . Sample times are selected to achieve this without resorting to the 
delayed channels. Typically, this corresponds to 1/e decay in about the 
first 32 channels.
The next step is usually program MARLIN. First, the raw summed 
correlation function, G ^ ( r ) ,  is fit using a floating baseline and one to 
three exponentials. The difference between the fitted baseline, Bf, and Bt, 
is expressed as a multiple of the statistical baseline uncertainty,
We call this "liftoff" and it definitely should not exceed 5-10 (typically < 
0.1% of Bt). The fact that the baseline is allowed to exceed statistical 
uncertainty at all reflects sometimes—unavoidable systematic errors, such as 
laser drift, the effects of dust which sneak through the defenses of LFIBUS 
and CORAN, etc. Usually, the liftoff is between —1 and +5 ffg. Next, 
g ^ ( r )  is fit using various baselines, which are easily entered as Bt + 
m<7g, where |m | < 10. With a deliberately greater effort, a user may 
enter an arbitrary baseline. One or more MARLIN fits may be saved, in 
which case MARLIN writes an updated .FIT file. The ideal fit is one 
which agrees with the data within uncertainty and shows random errors of 
fit over the entire correlation function. A helpful feature of MARLIN is its 
response to a user request for too many fitting functions; usually, this
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results in two of the functions reaching identical decay rates. This feature 
is not intelligently programmed; it is just a natural result which serves as a 
very convenient marker of when a user has asked for more independent 
parameters than the noise level can support. Run time (Table 1; 
introductory text of Chapter One) depends on the number of functions 
requested and, to a lesser degree, the closeness of the initial guesses. The
final solution is completely independent of the initial guess. Usually,
parameters of fit are adjusted until none changes by more than 1 ppt upon
an additional pass through the Marquardt algorithm. This typically
translates to \ 2 having reached stable values to six or seven significant 
figures. The quality of fit can again be visualized with GPLOT or 
FASPLOT.
It is appropriate to proceed to EXSAMP or CONTIN if the following 
conditions are met: 1) the semilog plot shows curvature; 2) the ratio of
highest to lowest decay rate from MARLIN exceeds about two; 3) the
 7   g
normalized correlation function decays smoothly to e or e using Bt as
baseline. EXSAMP or CONTIN can be performed in either order (or even
before MARLIN) but we usually run EXSAMP first because of the ease 
with which adjustments are made compared to CONTIN. While it is 
sometimes assumed that CONTIN is "automatic", it is more correctly 
described as "impartial, powerful, flexible and consistent". For either 
EXSAMP or CONTIN, the most important parameters are still under user 
control. These are the RANGE in decay rate space (usually logarithmic) 
over which solutions axe sought, and RESOLUTION— related to the number 
of exponentially decaying functions in this range. Although these may be
changed in CONTIN by substitutions in the data set at the beginning of
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each run, the program normally produces about twelve trial functions, 
varying the smoothness parameter t = a2, for each attempt. If the initial 
decay rate range was poor, this represents a considerable waste of 
computational time. Additionally, since CONTIN is very stable even to 
ridiculously bad input, the user will be unaware of the error until he has 
an opportunity to inspect the very large output (typically > 150 Kbytes). 
Then he will be required to modify the input file and start over. In 
EXSAMP, the user easily varies the range and resolution (via parameter 
Wmajci see reference 1, introductory text of Chapter One). The user is, in 
fact, prompted by the computer when and how to do so. The result of 
each change is immediately apparent, as each new fit requires as little as 
0.5 minutes, and is instantly printed out. Too wide a decay rate range 
results in many zero amplitudes on one or both sides of the distribution, 
which will be poorly detailed as well. Too narrow a range results in 
distributions that do not have any zero amplitudes. The right range with 
too many functions results in wildly oscillating distributions and/or a 
warning that the solution is too detailed for the noise level. It should be 
evident that, with these guidelines, the application of exponential sampling is 
not as arbitrary as sometimes supposed. AFTER the range and u/max are 
approximately determined, one may wish to alter smoothing and the 
baseline, to see what effect these may have. With smoothing added, higher 
oiinax can be tried. For very narrow distributions, i.e., ones where the ratio 
of maximum to minimum T in the range is less than about 3, the greatest 
accuracy will occur with t set to a low value or zero, but one should 
otherwise regard dramatic changes in the distribution with smoothing with 
considerable suspiscion. EXSAMP updates the .FIT file to reflect the new
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fits. Of course, the new .FIT file can be inspected with GPLOT or 
FASPLOT. Additionally, EXSAMP produces .GAM files which contain r, 
A(r) pairs and associated A(T) error estimate, plus ancillary information 
going back all the way to the .DAT file. The use of .GAM files will be 
discussed below. It is possible— even entertaining— to spend lots of time 
with EXSAMP. However, attempting to fine-tune the fit is not necessary; 
after the range and resolution have been selected, CONTIN can do the rest. 
A typical EXSAMP session should require no more than ten minutes.
If a main goal of EXSAMP is to quickly familiarize the user with 
the particular Laplace inversion at hand, the role of CONTIN is to obtain 
the distribution independently, while also making a consistent and impartial 
determination of the degree of smoothness required. CONTIN also has 
many other features which allow the user to take advantage of any a priori 
information in a statistically sound way. Integrating CONTIN with the 
other interactive, visually intensive programs means that one need not pore 
over the CONTIN manuals to use it effectively. CONTIN is activated 
through program CONPREP, which reads .FIT files and, after prompting 
the user for certain essential information, writes the correlation function, 
together with statistical weights and other CONTIN instructions, to a file 
with a .CON extender. Although the implementation of CONTIN is 
absolutely complete, we usually just set up for a simple Laplace inversion: 
A(r) vs. T. If desired, .CON files can be modified to activate any and all 
other CONTIN options using a simple word processor. During CONPREP 
the user specifies the range and resolution, whether a logarithmic or linear 
grid is to be used, plus baseline. Usually, all these parameters will have 
been determined when EXSAMP was run. If they were not, then multiple
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CONTIN runs are. required to optimize them (a needless waste of effort, 
computer time and paper, no matter what the computer). This information 
is also explicitly represented in a short scratch file, with extender .CPR, 
which is used by program CONUPDAT (see below) when the CONTIN 
output is re-integrated with the remainder of the software. CONTIN 
output is optionally written as a .TIN file to a fixed disk or volatile 
memory. It is usually convenient to rapidly scan the output by running 
program CONSTRIP, which automatically finds each individual CONTIN fit, 
allows the user to see them on the screen, and write the most reasonable 
fits to a disk file, using extender .AGE (A, T, Error). Program 
CONUPDAT reads one or more .AGE files, plus one or more .CPR files, 
and updates the .FIT file to represent the actions of CONTIN.
CONUPDAT also optionally produces .GAM files identical in form to those 
from EXSAMP, except that a CONTIN label is associated with the output. 
The .CPR and .TIN files are optionally destroyed or written to disk. The 
programs CONPREP, CONTIN, CONSTRIP and CONUPDAT can be 
activated sequentially through a simple batch file.
At this stage, the Laplace inversion is complete, and stored in one or 
more .GAM files, while quality-of-fit information resides in a single .FIT 
file and on the associated hardcopy output from GPLOT. The analysis is 
completed by the interactive program PLTAGAM, which reads .GAM files 
and makes on-screen plots of the amplitude (or information derived from it) 
vs. decay rate (or information derived from it). Also shown are the 
estimated errors in the amplitudes. There are many plot options. For 
example, PLTAGAM can convert the decay rates to: diffusion coefficients,
D, hydrodynamic radii, R^, and molecular weight M, given appropriate
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information relating D to M. Likewise, PLTAGAM can correct the 
amplitudes for particle form factors using assumed rod, coil, or solid sphere 
shapes. The P(q,Rg) reside in lookup tables, so the conversions are 
virtually instantaneous. The first two shapes require an estimate of the 
diameter of the rod or the relationship between gyrational radius Rg and 
Rh, respectively. If M vs. D information is provided and particle shape 
known or assumed, then a plot of relative concentration vs. M can be 
made. Altogether, up to twelve plot variations can be obtained. These 
simple conversions are practically instantaneous. Statistics which enable 
rapid analysis of the height, width and average decay rate of individual 
peaks are also printed.
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